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The general problem of the conditions determining the transmission 
of physiological influence and control in organisms is one of fundamental 
interest, since it is evident that the living system can develop, function 
and react as a whole, 7.e., in the unified or integrated manner essential 
to survival, only in so far as physiological processes in any one region 
occur in correlation with, or in adjustment to, processes in other regions 
or in the external environment. Each cell, and in a larger sense each 
individual organism, constitutes a single self-regulating system, the 
various separate activities of which mutually influence and control one 
another; normally the metabolic, formative and functional processes 
are so codrdinated as to secure a definite and constant unity of structure 
and activity in the whole organism. This unity is apparent at all 
stages of development, although it exhibits itself in its most striking 
form in the integration of function and response characteristic of the 
free-living adult. Obviously any such functional integration implies 
a ready transmission of influence between the different parts of the 
living system. In multicellular organisms we now recognize two quali- 
tatively distinct types of such transmission (1). The first depends 
upon the transport of definite chemical substances from region to region, 
usually in the circulation; those substances, through their special 
influence on metabolism or physiological activity, control processes at 
a distance from their origin (hormone influence; influence of the trans- 
portative type (2)). But in addition to this directly chemical type of 
distance-effect there is a Second, evidently of a more fundamental kind, 
consisting in the rapid transmission of excitatory and inhibitory 
influence by a process which is independent of direct material transfer; 
this process is concerned in the majority of responses to stimulation 
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and attains its highest development in nervous transmission. Motor 
and sensory reactions, where promptness of response is essential, are 
especially subject to this type of control. The term “protoplasmic 
transmission” (3) seems a satisfactory designation, since continuity of 
living protoplasm—or at least close contact between the protoplasmic 
structures intervening between the stimulated and the responding 
areas—seems necessary. Evidently some physiological change in the 
living protoplasm forms the vehicle of such transmissions. 

It is with this second type of transmission that the present article 
is more immediately concerned. In general, living ‘‘irritable’’ proto- 
plasm is so constituted that the physiological effects produced by local 
alteration are transmitted more or less rapidly to other regions. All 
such effects must have a chemical basis. In seeking for inorganic 
analogies, therefore, a natural comparison is with the ‘‘chemical dis- 
tance-action”’ (4) well known in polyphasic systems of a certain well- 
defined type of constitution. Protoplasm represents a reaction-system 
in which the reacting materials are chiefly in aqueous solution. It is 
well known that a chemical reaction in one region of a solution may 
influence another reaction at a distant region of the same solution, 
without any material transfer between the two regions, provided both 
reactions occur at the surface of some electrically conducting phase 
(e.g., metal) which forms with the solution a complete electrical circuit. 


- In any battery the two electrodes together with the connecting wire 


represent such a conducting phase; in this case the rate of chemical 
action at the anode is controlled by that at the cathode in the definite 
manner prescribed by Faraday’s law. In general, in any system having 
the essential constitution of a battery, viz., metal (or other continuous 
conducting phase) in contact with an electrolyte solution, and with 
some asymmetry of composition or concentration at two regions of the 
contact-surface, chemical influence is transmitted instantaneously 
between the two regions. The essential condition for this transmission 
is the flow of electricity around the circuit. The electric current can 
pass between solution and electrode only in association with chemical 
reactions, which are dependent on the transfer of electrons between the 
two phases. Since the direction of this electron transfer, relatively to 
the solution, differs at the two electrode areas, the reactions there 
occurring exhibit, in addition to the interdependence just defined, a 
rectprocality in their general chemical character; 7:¢., oxidation at the 
anode is associated with reduction at the cathode. These considerations 
also explain why the reactions are confined to the layer of molecules 
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adjoining the interface, and do not occur in the body of the solution 
or of the metal. 

The protoplasmic transmissions are examples of a process which may 
be called ‘‘ physiological distance-action,” and in fact various signifi- 
cant analogies with chemical distance-action are apparent, e.g. rapidity 
of transmission, frequent reciprocality of effect in the two regions 
influencing each other, susceptibility to electrical influence. Such 
resemblances suggest that the essential determining conditions in the 
chemical and in the physiological forms of distance-action are identical 
and depend on certain fundamental similarities of physico-chemical 
constitution in the two types of system under comparison. 

What we observe in living organisms is that variations of physio- 
logical activity in certain regions—implying variations in the rate or 
character of the underlying chemical or metabolic processess—influence 
other physiological processes occurring at a distance from the active 
region. In some cases this influence is of an exciting or initiatory kind 
(stimulation), in others repressive or inhibitory (inhibition). It may 
have reference to the most fundamental vital processes, such as growth, 
or to special activities of the most varied nature. Illustrations of these 
different effects of transmitted influence are found in all higher animals 
and plants, and detailed enumeration is unnecessary. 

A fundamental feature of this transmissive influence is the recipro- 
cality of action which it often shows in the two regions mutually affected. 
Acceleration of a physiological process in one region is frequently 
associated with its retardation or prevention in regions adjoining. This 
effect is seen with especial clearness in growth-processes. Rapidly 
growing organs or parts of animals and plants often exert an inhibitory 
influence on the growth of neighboring parts. A well known instance 
is the influence of the apical buds of seedlings or of growing branches 
in repressing the growth of the cotyledonary or axillary buds in adjoining 
regions. If the apical buds are removed, or if their growth is repressed 
by cold or anesthetization, the previously inhibited lateral buds sprout 
out (5). The growth-inhibiting influence thus rendered evident cannot 
be due to the transport of inhibitory substances from the actively grow- 
ing zone, as once supposed, since it may be prevented from acting by 
conditions (cold (6), anesthetization (5), heat-injury (7)) which do not 
interfere with the flow of materials along the stem. In animals a 
similar repressive influence is exerted by actively growing or developing 
or functioning regions; this is best illustrated by the phenomena of 
regeneration, in which the removal of a part initiates growth and differ- 
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entiation in regions which formerly were quiescent. Such regions thus 
show themselves capable of independent growth and differentiation; 
but apparently in the intact organism these processes are held in check 
by the influence of the metabolically more active or ‘‘dominant”’ 
regions adjoining; when removed from this influence—or ‘‘ physiologic- 
ally isolated,’’ to use Child’s term (8)—they proceed to grow and de- 
velop on their own account. In Child’s recent books (2), (8) these 
phenomena of inhibition and dominance in the growth of animals are 
discussed in detail. Further illustrations of these effects as seen in the 
growth of vertebrate embryos are to be found in the recent experimental 
studies of Bellamy (9) and Stockard (10). In the Fundulus egg the 
formation of one actively growing embryonic axis in the blastodisc 
normally prevents the development of another, so that only a single 
embryo is formed from each egg; but under certain abnormal conditions 
(e.g., cold) two such embryonic axes may begin growth; if these are 
equal in vigor, twinning may result; but if one happens to exceed the 
other in this respect, it exerts upon the latter an inhibitory influence, 
with failure of development or regression as a result (10). 

According to Stockard (10), the normal sequence ‘of growth and 
development in the different parts of the embryo is determined largely 
by influences of this kind. Active proliferation in one embryonic area 
prevents this process in other areas; when the period of most active 
growth in one region is passed, another region is released from this 
restraint and passes through its own cycle of rapid growth, and so on 
in turn. In Loeb’s extensive studies of the growth and regeneration 
of the plant Bryophyllum from detached leaves and stems (11) he 
describes how the growth of buds on a piece of stem inhibits the growth 
of roots from a leaf attached to the same stem; he cites various instances 
of reciprocal influence between the growth of different organs and in 
general concludes: ‘‘if an organ a inhibits the regeneration or growth 
of an organ b, the organ b often accelerates and favors the regeneration 
in a”’ (11; cf. 1915, p. 276). Such reciprocality is seen not only in the 
phenomena of growth, but is especially evident in the normal functioning 
of the central nervous system in higher animals, where the activity of 
any motor group of neurons represses that of the antagonist group 
(1). This normal or physiological type of reciprocal influence hasan 
interesting correspondence with the reciprocality exhibited in the effects 
produced at anode and cathode when a constant current is passed 
through an irritable living tissue or organism (polar stimulation and 
inhibition, electrotonus, galvanotropism), and in all probability has the 
same essential basis. 
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Examples of the transmission of inhibitory or excitatory influence to 
a distance without evidence of reciprocal effects are also frequent. In 


many animals, both vertebrate and invertebrate, impulses entering the © 


heart through certain nerves (cardio-inhibitory) check or arrest the 
action of this organ. The propagation of excitatory influence is a more 
frequently observed phenomenon. In plants Darwin first showed that 
stimulation of the root-tip, by light or otherwise, modified growth higher 
up the stem, and many similar instances are now known; and in all 
animals from protozoa to vertebrata certain forms of local stimulation 


are observed to initiate, accelerate or modify physiological processes . 


(motor, secretory, etc.) at a distance from the region directly stimulated. 
In such cases the functional or responding (effector) region is connected 
with the stimulated (or receptor) region by protoplasmic tracts, dif- 
ferentiated as nerves in higher animals; these conduct or transmit the 
excitatory influence in the form of waves of chemical and physical 
alteration travelling at moderate velocities. These velocities are 
highly variable in different organisms and tissues, ranging from a few 
centimeters per second or less to maxima of about 100 meters per 
second in the motor nerves of warm-blooded vertebrates.! 

Transmissions of this type form the chief subject of consideration in 
the present article. The essential problem has reference to the general 
physico-chemical nature of such transmissions, as they occur in all 
irritable and conductive forms of protoplasm, rather than to the special 
conditions prevailing in single tissues like nerve. The irritable living 
substance, wherever found, must have such a constitution that trans- 
mission of chemical or metabolic influence to a distance is a constant 
feature of its activity. Hence the problem of the essential nature of 
protoplasmic structure or organization is intimately related to the 
problem of protoplasmic transmission. What kind of structure must 
any reaction-system have in order to be able to transmit chemical 
effects to a distance in the above manner? This question leads to a 
consideration of inorganic systems which exhibit similar powers of 
transmission, and to a comparison of such systems with living systems, 
with a view to ascertaining what fundamental features of structure or 
composition the two types have in common. 


‘In the motor nerves of different animals there is a direct correlation between 
the velocity of transmission in a nerve and the rate of contraction of the muscle 
which it innervates (12). Data on velocities are given in many textbooks. Cf. 


Piper (13) for the special conditions in mammalian nerve, Keith Lueas (14) for 
frog’s nerve. 
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A simple example of physico-chemical distance-action which bears 
many suggestive resemblances to the reciprocally acting type of physio- 
logical distance-action is seen in the formation of precipitation-structures 
from metals immersed in solutions of salts the anions of which form 
insoluble salts with the metal (ferro- and ferricyanides, carbonates, 
hydrates, etc.) (15). These effects are well shown in a combination of 
the two metals, iron and zine, in an appropriate solution of potassium 
ferricyanide. When a strip of zine foil and a small length of iron wire 
are placed separately in a watch glass containing this solution (4 per 
cent K;FeCy, plus 0.5 per cent NaCl, dissolved in dilute egg-white or 
gelatine to furnish a protective colloid), each metal reacts characteris- 
tically. A precipitate of ferrous ferricyanide is rapidly formed from the 
surface of the iron; this precipitate is deposited chiefly in the form of 
slender blue-green filaments and tubules which elongate rapidly and 
soon assume a highly characteristic hypha-like appearance; within a 
few minutes the wire is covered with a dense growth of these precipi- 
tation-filaments, some of which may grow later to a length of several 
centimeters. The zinc reacts with the solution more slowly, and even 
after some hours usually shows only a few scattered vesicles or filaments 
of zine ferricyanide. If, however, the metals are allowed to react while 
in contact with each other, e.g., with a strip of zine an inch long attached 
at one end to an iron wire of similar length, the reaction of both metals 
is altered in a striking manner. The formation of filaments from the 
iron is completely prevented, while their formation from the zinc is 
markedly accelerated; within an hour the zine is covered with a charac- 
teristic growth of vesicular and tubular precipitation-structures, while 
the iron remains bright and bare as at first. If now the iron wire is 
severed with a pair of scissors, the detached piece instantly begins to 
form filaments, while the still attached part remains unchanged. From 
this simple experiment it appears that the reaction of the iron is pre- 
vented only while it is in metallic connection with the zinc; one might 
express the facts—using physiological language—by saying that the 
zinc “inhibits” the growth of filaments from the iron, while the iron 
‘“‘promotes”’ growth from the zinc. Each metal thus exerts through 
its contact an influence which modifies the chemical processes at the 
surface of the other metal, and in a characteristically reciprocal manner. 
This influence is well marked for a distance of several centimeters from 
the metallic junction; its intensity decreases progressively with increase 
in the distance from the contact, and beyond a certain distance the 
effect becomes inappreciable. Such a gradient of chemical influence 
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is comparable with the gradient of physiological influence or growth- 
inhibiting ‘‘dominance”’ seen in developing or regenerating planarians 
and other animals (2), (6), (16). 

The explanation of these chemical transmissions or distance-effects 
in combinations of metals is simple. Zine and iron, in contact with 
each other and with the electrolyte solution, form an electrical couple 
in which, because of its higher electrolytic solution-tension, the zinc is 
anode, while the iron is cathode. The direction of flow of the electric 
current (positive stream) is thus from zinc to solution and from solution 
to iron; hence the passage of the zinc ions into solution is promoted 
and that of the iron ions is hindered; this is especially the case where 
the current intensity is greatest, near the junction of the two metals. 
Any metal with a lower solution-tension than zine (Cu, Ag, Pt, Pb, Hg, 
etc.) resembles iron in its power of promoting precipitate-formation 
from zinc; conversely the contact of metals of higher solution-tension 
than iron (Zn, Mn, Mg, Cd, ete.) inhibits the formation of filaments 
from the latter metal. The precipitate is simply an indicator of the 
passage of the metallic ions into solution; incidentally it is built up to 
form a definite type of filamentous or vesicular structure characteristic 
for each metal. The rate of the reaction and the distance through 
which the chemical influence is perceptible depend essentially on two 
factors, (a) the potential-difference between the two metals, and (b) 
the electrical resistance of the solution. Obviously the intensity of 
the current passing between metal and solution at any point on the 
surface of either metal must fall off progressively with increase in the 
distance from the contact of the two metals, since the electrical resist- 
ance of the circuit which includes the point considered depends chiefly 
on the length of the column of solution between that point and the 
metallic junction. Hence near the junction the mutual influence of 
the two metals is greatest, and beyond a certain distance it ceases to 
be perceptible. Both the transmission of the chemical influence to a 
distance and the existence of a gradient of such influence are thus 
directly dependent on the electrical nature of the chief factors. 

It appears probable that certain forms of physiological distance- 
action, especially the growth-inhibiting and other reciprocally acting 
influences cited above, are to be referred to general conditions of the 
kind just described. Electrical potential-differences have long been 


known to exist between actively growing regions and the less active — 


regions (17); hence currents must flow in definite directions through the 
growing organism (18); and it is also known from the facts of galvano- 
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tropism that electric currents influence growth. According to the 
present hypothesis, those cases where there exists a well-defined gradient 
of growth-determining influence fall in the general category of effects 
illustrating the influence of the electric current on growth. Already 
there is much evidence indicating that in general actively growing or 
regenerating regions of an organism are negative (like physiologically 
active regions in other tissues) relatively to quiescent regions (19), (20), 
(21); z.e., the direction of the bioelectric ‘‘growth currents” (positive 
stream) is from medium to living protoplasm in the growing regions and 
from protoplasm to medium in the adjoining quiescent regions. In these 
two regions the currents have opposite directions relatively to the 
cell-surfaces; and to this difference of direction must correspond a 
difference in the influence on growth, since the constant current always 
exhibits polarity in its physiological action. This is presumably the 
basis of the reciprocality described above. Whether the conditions of 
local current-intensity, resistance, and susceptibility to weak currents 
correspond to the requirements of the above theoretical conceptions in 
all details can be determined only by future experiment. At the pres- 
ent time further and more exact work on the effects of the electric 
current on growth is much to be desired.” 

Transmissions by means of the direct influence of bioelectric currents, 
exerted under conditions similar to those of the above metallic models, 
t.e., where the intensity of the transmitted effect necessarily decreases 
with distance from the physiologically active or dominant region, can- 
not, however, form the basis of the rapid forms of excitation and trans- 
mission exhibited in nervous and muscular action. In nerve especially 
the transmitted influence shows no decrease in intensity as the dis- 
tance from its origin increases; this is shown clearly by the case of 
“‘trapped waves”’ in rings of medusa tissue (22). A self-propagating 
wave of excitation, associated with a local bioelectric circuit, passes 
along the conducting tissue and arouses physiological activity at all 
points along its path and in the terminal organ (phenomena of conduc- 
tion and innervation). Yet here again simple types of inorganic 


18 While the present review is in proof, an experimental study by Lund (99) 
on the electrical control of regeneration in the cut stems of the hydroid Obelia 
is announced as about to appear in the Journal of Experimental Zodlogy. 
The formation of new hydranths is promoted where the positive stream of a 
weak current enters the cut end of the stem, and inhibited where it leaves. 
Sven Ingvar (100) has recently obtained polar directive effects of a similar 
kind in studying the influence of weak constant currents on the outgrowth of 
the processes in embryonic nerve-cells. 
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process are known which simulate this second form of protoplasmic 
transmission in many of its most characteristic details. 

Nervous transmission is the physiological type-phenomenon of this 
class. In all such phenomena the essential effect is the spreading of 
a certain active state (23); this state is initiated by some local change 
caused usually by some external agent or “stimulus”. We may thus 
distinguish between (a) the local effect produced by the stimulating 
agent at its point of application and (b) the physical or chemical dis- 
turbance there set up which is propagated to a distance (conducted 
effect) (24). This ‘‘ propagated disturbance’ (dctivation-wave, nerve- 
impulse, etc.) has the property of altering physiological activity wher- 
ever it extends, e.g., of stimulating or inhibiting activity in the terminal 
organ. The essential problems therefore are: why it should be prop- 
agated, or spread from region to region along the conducting tissue, 
and why it should initiate or alter physiological activity in the same 
tissue or in another tissue (e.g., muscle) to which it is transmitted. 

There are also forms of transmission—apparently intermediate 
between the two types above distinguished—in which a conducted 
influence is transmitted through an often considerable distance, but 
with a progressive decrease in ‘‘intensity”’ or physiological effectiveness 
as it travels. This is the case of ‘‘conduction with decrement” (25). 
Certain normal types of physiological gradient seem to depend on trans- 
mission of this kind, as indicated by the fact that the influence may be 
intercepted by cold or anesthetization (5), (6). In the central nervous 
system it appears to play an important part (14); thus the penetration 
of the impulses determining sensory impressions, association processes, 
or reflexes in the brain or spinal cord is limited and varies with the 
physiological state (sleep, fatigue, etc.) This decrement type of con- 
duction can be artifically induced in nerve or muscle by cold, fatigue 
or anesthesia. For example, an impulse initiated in a normal region 
of a nerve penetrates at a lessened velocity for a certain distance along 
an anesthetized stretch, but is eventually extinguished if the latter is 
of sufficient length; if, however, the impulse succeeds in traversing this 
‘“‘region of decrement’’ and emerges into the normal region beyond, it 
there regains its original velocity, amplitude and other properties (26) 
(see below, p. 30). If ‘‘intensity”’ is measured by the ability to pene- 
trate a region of known decrement, as Lucas has proposed (14), it is 


2 Keith Lucas’ term; for the experimental basis of the distinction between 
local and propagated effects cf. Lucas and Adrian (24a). 
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evident that this property progressively decreases as the impulse travels 
along such a region. 

In any transmission without decrement, such as we find in a normal 
motor nerve, the process occurring at any stimulated region of the 
transmitting element initiates in adjoining regions a process which is 
similar qualitatively and quantitatively to that at the original region; 
and each region thus secondarily activated influences the region beyond 
in the same manner. In a uniformly constituted elongated element of 
this type propagation for an indefinite distance at a uniform speed is 
to be expected; this corresponds to what we observe in nerve. Con- 
ditions of an analogous kind are seen in the transmission of a wave of 
combustion along a fuse; at any instant there exists for a certain dis- 
tance in advance of the burning region a certain gradient of tempera- 
ture; within a portion of this gradiént the temperature is above the 
ignition-temperature; and the speed of travel depends on this critical 
distance and on the rate at which the heat-generating reaction proceeds 
(i.e., on the local reaction-velocity). In the case of the conducting 
protoplasmic element the transmission from the active to the adjoining 
resting region is apparently a result not of the establishment of a dif- 
ference of temperature, but of a difference of electrical potential. In 
other respects, however, the analogy isan instructiveone. According to 
the present conception, up to a certain distance in advance of the active 
region (24, fig. 1) the current of the local active-resting circuit is suffi- 
ciently intense to cause secondary electrical excitation; the length, s, of 
this critical distance, and the rate, v, at which the variation of potential 
rises to its maximum in the active region (a measure of the local reaction- 
velocity) determine the speed of propagation, P?. Expressed alge- 
braically, P= Ksv, or P = Ks/t, K being a proportionality-factor and 
t the time occupied by the variation of potential (27). There exists 
in fact a close proportionality between the rate at which the bio-electric 
variation rises to its maximum in different conducting tissues and the 
rate of transmission of the excitation-wave (28). 

Inorganic systems exhibiting this form of transmission, 7.e., trans- 
mission by means of the electrochemical effects produced near the 
boundary between altered and unaltered regions, are well known, and 
usually consist of oxidizable metals immersed in electrolyte solutions 
containing an oxidizing agent which acts energetically enough to form 
a continuous film of oxidation-product over the whole surface of the 
metal. Mercury in hydrogen peroxide (29) and passive metals, 
especially iron, in strongly oxidizing solutions like nitric acid are the 
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best known examples (30). The spreading action depends upon the 
formation of local circuits between the film-covered and the free metallic 
surfaces; through the electrolytic action of these circuits the film is 
locally removed; and this effect is automatically self-propagating, since 
wherever film-covered and free metallic surfaces adjoin each other a 
similar circuit is formed and the effect is repeated. That phenomena of 
this type exhibit in many cases remarkably close analogies to physio- 
logical processes (in rhythm, automaticity, conduction, etc.) has been 
recognized by a number of investigators. Bredig and his students have 
investigated the conditions in the Hg-H,O,. system (31), although 


without special reference to the problem of protoplasmic transmission; * 


and the transmission of the activation-wave over the surface of passive 
iron in nitric acid—a phenomenon with especially striking physiological 
analogies—has been compared to nervous transmission by Ostwald (32), 
Heathcote (32) and others (33). 

Recently I have studied in some detail (3), (33) the analogies of this 
phenomenon to protoplasmic transmission of the nervous type, and 
have endeavored to account for the above similarities on the basis of 
the fundamental features of structure and activity possessed in common 
by all polyphasic systems having thin chemically alterable interfacial 
films (34). The presence of films deposited at the interphase surfaces 
determines the properties of many such systems, e.g., the stability and 
physical consistency of emulsions and certain typesof gel.* Local varia- 
tions in the chemical composition, permeability or other properties of 
these films should theoretically give rise to potential differences between 
adjacent areas; and under certain conditions it is conceivable that local 
electric currents may thus arise which secondarily may influence 
chemical processes in the system. Since living protoplasm is in fact 
a film-partitioned system, and since many irritable cells are known to 
be bounded from their media by semi-permeable membranes whose 
composition and properties vary with the physiological state of the cell, 
it is perhaps not surprising that protoplasmic systems should exhibit 
transmission-phenomena of a type closely similar to those found in 
film-covered metallic systems such as passive iron in nitric acid. 

The phenomena of passivity in metals are well known (30), and only 
a brief account of the more relevant facts need be given here. An iron 
wire dipped in strong nitric acid or other suitable oxidising agent and 
then transferred to weaker acid (sp. gr. 1.20, in which the normal or 


* For the structure and properties of emulsions and related systems cf. the 
very full review of W. D. Bancroft, The Theory of Emulsification (35). 
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“factive’”’ metal dissolves rapidly) shows no reaction; the metal is in 
the so called ‘‘passive”’ state, but it may be made to react (or ‘‘acti- 
vated’’) by touching with ordinary active iron or other base metal, 
or by mechanical means (bending, scraping with glass, etc.). The 
reaction, which is accompanied by effervescence and the production 
of dark-colored lower oxide, then sweeps over the whole surface of the 
metal, at a rate which varies with the conditions but may attain some 
hundred centimeters per second, a velocity of the same order as rapid 
protoplasmic transmissions. Of especial interest from the physiological 
standpoint is the fact that in HNO; of more than a certain concentra- 


‘tion (sp. gr. ca. 1.24) the reaction is temporary, the metal reverting 


spontaneously to the passive state; after an interval—more or less 
prolonged according to the concentration of acid—during which reacti- 
vation is difficult or partial (because of imperfect transmission) the 
metal can be reactivated as before (37). 

It is now generally agreed that passivity is due to the presence of a 
thin, coherent and impermeable surface-layer of oxidation-product 
(probably higher oxide), and that during activation this layer is removed 
by electrochemical reduction near the boundary between the active and 
the passive regions. Any region of a passive wire may be made locally 
active by removing or interrupting the passivating film, mechanically, 
chemically or otherwise. Such an active region represents the anode of 
the local couple thus formed; at the adjoining still passive or cathodal 
area the surface-film is reduced and disintegrated; this region then 
becomes active in its turn, z.e., anodal, and the same sequence of effects 
is repeated at the regions beyond. Hence a wave-like spread of activity 
over the whole surface follows any sufficient local alteration. Wherever 
the surface-film is removed, interrupted or rendered permeable, the metal 
at once reacts with the acid. In repassivation the film is restored and 
the reaction ceases. The reason why this repassivating reaction occurs 
automatically in strong HNO; is that each region as it becomes active 
becomes also anodal, and is hence subjected to the anodal oxidizing 
influence, in addition to that exercised by the HNO; itself. In general, 
the variations in the reaction of the metal with the acid thus depend 
on variations in the film-structure of the system (33). Under certain 
conditions these variations are rhythmical, and the film undergoes 
regular and automatic alternate formation and dissolution, giving rise 
to a rhythm of reaction resembling in its time-relations and other 
features physiological rhythms like that of the heart-beat. A similar 
rhythm is shown by mercury in H20z (31). 
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The essential features exhibited in common by transmission in passive 
iron and in nerve (or similar protoplasmic systems) may be summarized 
as follows. 1, A local or initiatory process may be distinguished from 
a propagated disturbance or wave of reaction. Local alterations of 
various kinds, mechanical, chemical or electrical, may initiate an 
activation-wave in either system; once initiated its propagation is 
automatic and determined by the state of the transmitting wire or 
filament and of the adjoining solution. The ‘‘all or none” character 
of the reaction in readily transmitting metallic or protoplasmic systems 
is thus explained. 2, The local reaction accompanying the passage of 
the reaction-wave is automatically reversible, but there is always a 
certain delay (called ‘‘refractory period” in the living system) before 
the system returns to its original irritable and conductive state. (In 
the passive metal this interval is that required for the formation of a 
surface-film with the original properties (33).) 3, In a uniform nerve 
fiber or passive iron wire the activation-wave shows the same characters 
at all points along its path. It is associated with a variation of electrical 
potential, and with a temporary loss of continuity or breakdown (in- 
crease of permeability) in a surface-film of chemically alterable material. 
This latter change is demonstrable in passive iron and in certain slowly 
conducting protoplasmic systems (e.g., echinoderm egg-cells during the 
fertilization-reaction (36)), but in nerve the evidence for its existence 
is indirect. 4, The propagation-velocities in both systems are of the 
same order (ranging from a few centimeters to some meters per second), 
and exhibit a high temperature coefficient (of the order of Qi = 2). 
5, In both systems the activation-wave may be retarded or blocked by 
certain forms of chemical or electrical influence, e.g., electrical polari- 
zation (anelectrotonus in the living system, anodal polarization in the 
passive iron system (37, p. 136)) or chemical alteration (e.g., narcosis 
in the living system). 6, Interruption of metallic or protoplasmic 
continuity prevents the passage of the wave, but activation may be 
transmitted by contact. This is shown in the living system by certain 
structural features in the arrangements of neurones in the central 
nervous system (synapses, end-feet), by the characters of the motor 
end-plates and other nerve endings, and by the facts of secondary 
stimulation by bioelectric currents (rheoscopic nerve-muscle prepa- 
ration, etc.). 

The conditions under which a local alteration (‘‘stimulus” in the 
living system) initiates the activation-wave also show many close 
parallels in the two systems.4 The chief of these are as follows: 1, 


‘For the condition in the passive iron model cf. Science, 1918 (33). 
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A certain intensity or degree of local alteration isrequired (‘‘threshold’’); 
too slight a mechanical or electrical disturbance will not start a wave of 
activation, although it may produce a temporary local effect,—shown 
by temporary change of potential in the wire, or by the fact that in 
both cases a sufficiently rapid succession of such subminimal effects 
will activate (37, p. 134). 2, A succession of local mechanical or 
electrical ‘‘stimuli’’, each of which singly is inadequate, will start an 
activation-wave if the interval between the stimuli is sufficiently brief 
(summation effect).5 3, Activation by the electric current is a charac- 
teristically ‘‘polar”’ effect; the passive wire is activated when it is made. 
cathode in a circuit, but not when it is made anode; in the latter case 
activation by another agent (e.g., mechanical) is rendered more dif- 
ficult during the flow of the current (37, p. 136). In the living system 
the parallels are polar stimulation and polar inhibition (or anelectro- 
tonus). 4, Too weak an electric current will not activate, no matter 
how long it is continued (critical or threshold intensity), and a current 
of sufficient intensity for activation must flow for more than a certain 
time in order to produce its effect (39). 5, A current rising too gradu- 
ally from subminimal to a sufficient intensity will not cause activation; 
t.e., more than a certain critical rate of change is required in the acti- 
vating current (40). 

Conditions 2, 4 and 5 show that both types of system have an auto- 
matic tendency to preserve a certain state—corresponding to the 
passive or resting state—and to resist displacement from this equilib- 
rium; the disturbing or activating condition must therefore act for 
a sufficient time and more rapidly than the automatic passivating 
counter-changes in order to bring the local alteration to the level 
required to initiate an activation-wave.® 

Evidently the local alteration or stimulus originates a condition or 
process which is automatically self-propagating. The originating 
external agency, e.g., a mechanical impact, produces at its point of 
application some surface-alteration which is (or may be) quite different 
from the propagated reaction which follows; its immediate effect, 
however, appears in all cases to be the establishment of a certain critical 


5A brief qualitative account of mechanical summation in the passive iron 
model is given in my recent paper (37, p. 134). Summation can also easily be 
shown for electrical activation, using, e.g., the contact of a copper wire to pro- 
duce a brief local current. For an exact study of the summation-interval in 
living tissues cf. Keith Lucas (38). 

6 Cf. Hill (43) for a discussion of the possible conditions in the living tissue. 
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potential-difference between the region thus altered and the unaltered 
region adjoining. In the metallic model the existence of this effect 
may be shown experimentally by activating mechanically a passive 
iron wire which is immersed in HNO; and connected through a gal- 
vanometer with an indifferent electrode (e.g., platinum wire) immersed 
in the same solution. An ineffective scrape with a glass slide causes 
a slight temporary excursion of the instrument, indicating a quickly 
reversed change of potential, while an effective scrape or succession of 
scrapes causes a larger excursion which is at once followed by that 
accompanying the full propagated reaction (37, p. 134). In the living 
system something analogous seems to occur; apparently with the rapid 
establishment of the necessary P. D. between stimulated and non- 
stimulated areas, and hence of a local bioelectric current, the condition 
for propagation arises. 

It is a familiar fact that the same irritable tissue (e.g., nerve) may be 
stimulated by many different agencies, mechanical, electrical,. thermal, 
chemical, osmotic; 7.e., all originate the same self-propagating state of 
excitation. Why this should be the case becomes clear on the theory 
that in all forms of stimulation the electrical factor is the essential. 
Any sufficient mechanical, chemical or other alteration of the cell- 
surface is known to produce a local electrical negativity, as may readily 
be shown in muscle and nerve; a local bio-electric current (injury current, 
alteration current) arises between the altered region and the unaltered 
regions beyond. If we assume that the spread of the excitation-state, 
and with it the stimulation of the irritable element as a whole, depends 
primarily on the effect produced by the local electric current formed at 
the original area of stimulation, the whole problem at once assumes 
a more definite as well as simpler aspect. It resolves itself into the 
problem of the conditions of electrical stimulation in general. The 
current passing between the locally altered area and the unaltered area 
adjoining initiates “secondarily” electrical excitation in the latter region; 
and since any excited region becomes also locally negative, a similar 
current at once arises between this region and the one immediately 
beyond, which is then similarly excited. By a repetition of this 
effect at each newly formed active-resting boundary the excitation- 
wave travels over the entire irritable element, and the whole system 
is activated. 

The problem of electrical stimulation can be considered only briefly 
in this article, which is concerned with the general conditions of trans- 
mission rather than with the special nature of the local effect: produced 
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by the current. It is now agreed that a change in the electrical polari- 
zation of the limiting semi-permeable boundary-layer of the irritable 
cell or element (protoplasmic surface-film or plasma-membrane) con- 
stitutes the primary change in electrical stimulation. This theory has 
been established on a firm foundation by the work of Nernst (41) and 
his successors, especially Lapicque (42), Lucas (39) and Hill (43); and 
the quantitative conditions of electrical excitation are considered in 
detail in the papers of these authors. The results of this and related 
work have shown that the current effects local stimulation 1, when it 
has a definite direction relatively to the cell-surface, such as to effect 
a diminution of the preéxisting or physiological polarization;’? 2, when 
it has more than a certain minimal (threshold) intensity; 3, when it 
fiows for more than a certain minimal time; and 4, rises to its full inten- 
sity at more than a certain rate. The essential condition for electrical 
stimulation is thus a critical change of polarization (a depolarization 
(44)), to produce which requires a certain minimal intensity, duration 
and rate of change in the stimulating current. 

These latter conditions differ in a significant manner from those 
required to produce a given change of polarization (7.¢., to establish 
a given P.D.) across a non-living partition set in the path of a 
current, the case considered by Nernst (41). In this case a weak or 
slowly increasing current, if it lasts long enough, may produce the same 
change of polarization as a stronger current lasting for a brief time, 
a condition formulated in Nernst’s ‘‘square root law’ (P = Kiyt).8 
The difference between the dead and the living system indicates that 
in the membranes of the irritable tissue processes are acting whose 
general direction or effect is such as to oppose or compensate the proc- 
esses set in action by the stimulating current; normally the effect of 
these compensatory processes (presumably processes of metabolic 
construction, at least in part) is to bring the tissue back to the resting 
state after stimulation and to keep it in the normal irritable state in 
the intervals between stimulation. The stimulating agency must act 
at a greater rate than these compensatory processes, and last long 
enough to offset their effect, or no stimulation results.° A condition 


7 This is the necessary inference from the law of polar stimulation (excitation 
at cathode, inhibition at anode on make of constant current, and vice versa), 
as pointed out by Briinings (44). 

8 P represents polarization produced, i the intensity and ¢ the duration of the 
polarizing current. 

® Compare the discussions of Lapicque (42) and Hill (43) on the nature of the 
conditions necessitating a certain minimal rate of change in the stimulating 
current. 
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of this general kind is found also in the passive iron wire in strong 
nitric acid, where the oxidizing action of the acid keeps the passivating 
surface-film continuous and automatically repairs slight interruptions 
(t.e., those insufficient to start activation-waves); the same rapidly 
acting oxidative process also reforms the film after the passage of an 
activation-wave. In this system also a rapidly increasing current of 
more than a certain duration is required for activation; in fact the above 
four rules of electrical stimulation apply also to the case of electrical 
activation of passive metals (33). 

Apparently any rapid local decrease of surface-polarization (sufficient 
in range) causes stimulation in the typical irritable system such as 
muscle or nerve. This purely physical change, however, is merely 
the precursor or determinant of the local stimulation-reaction; it is 
not the reaction itself. The latter is a physiological process dependent, 
like all such processes, on chemical reactions, and having its own special 
peculiarities (rate, duration, chronaxie, specific features) in each irri- 
table tissue (39), (42). The general problem is why this process should 
be initiated by a change of electrical polarization at the cell-surface. 
The only general inorganic analogy is that of electrolysis. In this 
case the establishment of a sufficient uncompensated potential-dif- 
ference between electrode and solution forms the condition of the 
chemical change. When the electric current is free to pass (7.e., with 
closed circuit) there is transfer of electricity (electrons) between elec- 
trode and solution; at the interface electrons are added to or abstracted 
from the molecules or ions there present, with chemical combination 
or decomposition as a result. We have seen that in the metal-electrolyte 
combination regarded above as affording a generalized model of pro- 
toplasmic transmission—passive iron in nitric acid— a local electrolysis, 
resulting, e.g., from the contact of zine or from a mechanical interrup- 
tion of the oxide coating, forms the primary condition of a rapidly 
propagated wave of chemical and electromotor change also depending 
on electrolysis; and attention has been called to the many significant 
resemblances between this process and protoplasmic transmission. The 
implication is that in the transmitting protoplasmic system also the 
local bioelectric current produces, by a process essentially identical with 
electrolysis, chemical alterations in the surface-film, and that the general 
tendency of excitation-processes to spread in living protoplasm is a 
result of this condition, which is essentially similar to that existing in 
the inorganic model. At present the special chemical conditions at the 
protoplasmic interfaces are unknown, but in their’ general features the 








18 RALPH S. LILLIE 


two processes give unmistakable evidence of belonging to the same 
physico-chemical class. 

According to this conception, protoplasmic transmission is an electro- 
chemical effect, depending on the formation of a circuit between the 
altered area and the adjoining unaltered area. For a certain distance 
(e.g., Rs Ry, fig. 1) beyond the boundary between these areas the current 
of the local circuit is sufficiently intense to effect the required electro- 
lytic alteration of the surface layer; in the case of the passive wire this 
alteration consists in the reduction of the passivating oxide film to a 
lower state of oxidation; in the case of the protoplasmic system its 
precise nature is unknown. Any such effect is self-propagating because 
between the newly altered area and the area beyond a similar circuit 
is formed, and the same effect is repeated at each new boundary. Since 
the essential condition for propagation is alteration of the interfacial 








A 





Fig. 1. Diagram of the momentary conditions in a frog’s motor nerve at 20°. 
The shaded region marked A, between R, and R;, is occupied at the instant under 
consideration by the excitation-wave, which is regarded as advancing in the 
direction of the large arrow at the rate of 30 m. per second. Its length is 6 cm., 
assuming the total duration of the local process (as indicated by the duration 
of the local bio-electric variation) to be 0.002 second. ‘The excitation-process is 
just beginning at R;, has reached its maximum at Ajo, and has just subsided at 
R,. The curve indicates the variation from the resting potential at different 
points in the active region; the maximum P. D., at Ayo, is 30 to 40 millivolts. 
The unshaded regions marked R are in the resting state. The small arrows 
indicate the general direction of the bio-electric current (positive stream), in 
the external medium and in the protoplasm, in a portion of the circuit at the 
active-resting boundary. For a certain distance beyond the boundary (R;R4,, 
probably about 3 cm.) the intensity of this current is sufficient to excite the 
nerve; excitation is thus in process of initiation in the still resting region of the 
nerve for this distance in advance of the wave-front. For a somewhat similar 
distance RR: in the wake of the excitation-wave the nerve is refractory to 
stimulation. | 
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film at some distance from the already altered area, by means of the 
electrochemical action of the local current, it is evident that the 
possibility of transmission depends in the first instance upon the 
‘“‘chemical distance-action”’ effect (15, p. 165). As each new active- 
inactive boundary is formed the same situation arises; there is always, 
therefore, extending for a certain distance in advance of the already 
altered region a region within which the electrochemical reduction is in 
progress. The length of this interval, and the rate at which the film 
is electrochemically removed or altered, are the two chief factors deter- 
mining the velocity at which the reaction is transmitted along the 
surface (27), (28). 

This general description is based more particularly upon the condi- 
tions in the passive iron system, where the chemical conditions of 
transmission are comparatively simple and readily understood. In the 
case of a protoplasmic system like nerve, the precise nature of the 
chemical reactions determining transmission is unknown. There is 
little or no change of temperature accompanying the passage of a nerve 
impulse (45), but the significance of this fact is obscure;!° possibly heat- 
production and heat-absorption balance each other in the local reaction. 
It seems probable that oxidation-reduction processes are concerned in 
many transmissions, and’ in this case the local bio-electric circuit may 
represent essentially an oxidation-reduction circuit.!! The majority 
of stimulation and transmission processes are directly or indirectly 
dependent on oxygen-supply; but whether molecular oxygen enters 
into the local reaction in its initial destructive phase, or in its later 
reconstructive or synthetic phase, is uncertain. More probably oxygen 
is especially required in the construction phase, during which the altered 
surface-film is renewed (37). Nerve is not exhausted by stimulation 
except in the absence of oxygen (46a), (47); this condition is also known 


10 Tt cannot be explained until more is known of the nature of the local cur- 
rent-producing reaction. Itis well known that certain electrochemical combi- 
nations abstract energy from the surroundings; according to Bernstein and 
Tschermak this is also true of the electric organ of the torpedo (cf. Bernstein, 86, 
chapter 6). The energy of the local bio-electric current in a nerve is insuffi- 
cient to produce an appreciable change of temperature (cf. Hill, 48). 

11 There is some evidence (regarded as inconclusive by many physiologists) 
of an increased production of CO, by nerve during activity (cf. Waller 45a, 
Tashiro 45b). The absence of any increased rate of change in the pH of the 
medium bathing the nerve during activity, as reported by Moore (46) is not 
necessarily inconsistent with this result, since there is the possibility that basic 
compounds (e.g. NH;) may be freed from the nerve at the same time. 
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to prolong the refractory period (47), which apparently represents the 
period of reconstruction of the surface-film (37). In general, the above 
analogies with the metallic system point to the conclusion that the 
essential process in the local excitation-effect consists in a breakdown 
of the protoplasmic surface-film, under the electrochemical influence 
of the local bio-electric current, followed by its reconstruction under 
similar influence,'*—which becomes oppositely directed as soon as the 
direction of the local ‘‘diphasic’’ current changes.'* The process is 


2 The terms ‘“‘breakdown”’ and ‘‘reconstruction’’ may seem to imply a more 
thorough-going alteration than actually occurs in the surface-film of the irritable 
element during the passage of the excitation-wave; but in our ignorance of the 
details of the process they may be regarded simply as indicating the general 
character of the two phases of the reversible or cyclical process at the excited 
area. Apparently the breakdown (‘‘catabolic’’ change) corresponds to the rising 
phase, the reconstruction (‘‘anabolic’’ change) to the return phase of the electric 
variation; on this view the physiological conditions have a general correspond- 
ence with those in the metallic model (compare the earlier view of Hering: Theory 
of the Functions in Living Matter, Lotos, ix, Prag, 1888, translated in Brain, 
1897, xx, 232). 

18 Some light appears to be thrown on this problem by the effects of change of 
temperature. It is probably significant that the temperature-coefficient of 
transmission in muscle and nerve is definitely lower than that of the refractory 
period, which represents the time occupied by the process of restoration immedi- 
ately following the passage of an excitation-wave. According to the recent 
results of Adrian (49), the temperature-coefficient of the rising phase of the 
bioelectric variation also appears to be distinctly less than that of the declining 
phase. Now the rising phase of the electromotor variation, in both the passive 
iron model and the living tissue, is determined (on the present evidence) by the 
breakdown (or increase of permeability) of the surface-film. Transmission is a 
direct consequence of this effect, as already indicated. The return or declining 
phase (in which the passive or resting potential returns) represents the period 
in which the surface-film is reformed. The results of Maxwell (50), Snyder (51), 
Lucas (52), Woolley (52a) and Harvey (52b) all indicate a Qio of about 2 for the 
transmission-rate in muscle and nerve; while for the refractory period the most 
exact determinations (Bazett (53), Adrian (49), (54)) give values of 3 or more, a 
coefficient similar to that of growth processes. 

On the theory that transmission is dependent on breakdown of the surface- 
film, and recovery on its reconstruction, it seems possible to explain this differ- 
ence. Reconstruction is essentially a matter of metabolic synthesis and should 
have a purely chemical temperature-coefficient; while breakdown is probably 
mainly the result of physical disintegration, following some initial chemical 
alteration. Let us assume that the total period of breakdown at 20° has a dura- 
tion of 3¢, and that one-third of this period (1 «) is occupied by the initial chemi- 
cal decomposition (Qio = 3) and the remaining two-thirds by a physical dis- 
integration (with Qio = 1.3, the value for diffusion-processes). The duration of 
the total process at 10° would then be le & 3 + 2e X 1.3 = 5.6¢. The ratio of the 
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self-propagating because in a film-covered system like protoplasm it 
cannot occur without the production of potential-differences, and hence 
of local circuits which produce chemical effects involving similar altera- 
tions of film-structure in regions adjoining. 

In considering cases where the detailed nature of the chemical proc- 
esses is obscure, as in nerve, a more generalized conception of the 
above general type of situation may be desirable. Let the two parallel 
lines in figure 2 represent the contour of a filament, wire, or other con- 
ducting structure, covered with a chemically alterable surface-film of 
uniform composition and immersed in an electrolyte solution. So long 
as the system is undisturbed, the conditions at any two points, e.g., A 
and B, are chemically and electrically symmetrical; the interfacial 
P.D. is the same at all portions of the surface, hence no current flows 
through the circuit if the two points are connected through a galva- 
nometer. Butifnowone region (e.g., A) isaltered—chemically, mechani- 
cally, thermally, or osmotically (7.e., by a concentration change)—the 








A B 


Fig. 2 


two regions are no longer symmetrical and a current flows; if this current 
produces through its electrochemical effect an alteration at B corre- 
sponding to that at A, transmission will result. 

It is evident that such a generalized schema may apply to systems 
of the most widely varying chemical composition. The details of the 
conditions in any system like nerve can be determined only by special 


velocities at the two temperatures, 5.6/3, or 1.9, is similar to that observed for 
transmission velocities in nerve. Thus if transmission is due to a disintegration 
effect, following a brief initiatory chemical effect, a low temperature-coefficient 
is to be expected. 

A further indication that the two processes are essentially different in char- 
acter is seen in Lucas’ observation (55) that a nerve may exhibit a normal rate 
of recovery in solutions of alcohol which greatly retard transmission. Trans- 
mission and recovery are thus differently affected by both temperature and 
chemical reagents. It is known that the refractory period may be artificially 
lengthened by conditions (poisons and lack of oxygen) which have little effect on 
transmission or on the rising phase of the bio-electric variation (93), (94), (95). 
In the passive iron model the duration of the recovery phase may be varied 


within wide limits without affecting the rate of transmission, by simply varying 
the concentration of the HNQs (37). 
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investigation; but it is to be remembered that the possibility of trans- 
mission of the type under consideration is determined by the general 
features of the system and not by its special peculiarities of composi- 
tion and structure. The essential condition in all cases is the presence 
of a thin, chemically alterable surface-film separating two media, both 
of which conduct electricity, the passage of electricity between the two 
media being attended with chemical and structural alteration in the 
film. 

There is in fact much evidence that stimulation processes are accom- 
panied by alteration or temporary breakdown (associated with per- 
meability-increase)'* of protoplasmic film-structure, especially of the 
limiting surface-films or plasma:membranes (56), (57), (27). The 
fundamental theoretical importance of such evidence will be clear from 
the foregoing, and a brief review of the chief known facts will indicate 
how widespread such processes are in living protoplasm. In its ele- 
mentary physico-chemical constitution protoplasm is most closely 
related to the emulsions or emulsion-like systems, as Biitschli recog- 
nized many years ago (58); and, as in other such systems (35), inter- 
facial films are undoubtedly a chief factor in determining its normal 
physical properties and especially its structural stability, 7.e., in pre- 
serving the‘normal subdivision and distribution of the component 
phases (59), (60). In many instances, the protoplasmic emulsion is 
highly unstable. The platelets of mammalia and the ‘‘explosive cor- 
puscles”’ of crustacea (61) are well-known instances; here slight chemi- 
cal or mechanical changes lead to a rapid and complete disintegration 
of protoplasmic structure. Many striking instances of this type of 
effect have been brought to light since the introduction of the methods 
of micro-dissection. Leucocytes, red blood-corpuscles, germ-cells and 
other cells not ordinarily classed as ‘‘irritable,’’ when cut or punctured 
locally by a capillary needle, often exhibit a spread of disintegrative 
alteration which may involve the whole protoplasm (62). The pro- 
toplasmic boundary-film loses its normal semi-permeable properties, 
and this effect spreads; a good illustration is Chambers’ observation 
that a red corpuscle pricked at one point immediately shows loss of 
hemoglobin over its whole surface (63). Recently many interesting 
instances of progressive disintegration of protoplasmic structures, 
including membranes, following local injury have been observed in 
Protozoa by Taylor (64). In other cases the injury may remain 


14 A breakdown would imply interruption of continuity and hence increase of 
permeability, of which there is much evidence (56). 
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localized, its spread being delimited by the formation of a new surface- 
film; this phenomenon is frequent in echinoderm egg-cells (65). The 
spread of such disintegrative effects varies according to the conditions, 
e.g., with the extent of the local injury or the state of the protoplasm. 
In the isolated nerve-ganglion cells of the lobster Chambers found that 
more than a certain degree of mechanical injury resulted in a complete 
and irreversible change in the properties of the protoplasm. ‘‘ When this 
limit is passed the viscid plasma sets into a coagulated non-viscous mass 
which may be broken into non-glutinous pieces’ (66). Loss of me- 
chanical coherence, usually associated with coagulative changes in the 
cell-proteins, is a frequent effect of irreversible protoplasmic alteration 
of this kind; this is seen, e.g., in the death-rigor of muscles. A.similar 
change occurs as a result of excessive stimulation in certain irritable 
and contractile forms of protoplasm, e.g., the large compound cilium 
or swimming plate of ctenophores (67). When these structures are 
placed in certain solutions (e.g., pure isotonic NaCl) there follows a 
marked and striking acceleration of contractile or vibratile activity 
during which the normally clear and translucent protoplasm undergoes 
a progressive whitening or coagulation; both processes cease within a 
minute or two, by which time the protoplasm has lost its structural 
coherence and has become permanently opaque and coagulated. Evi- 
dently the physical state (subdivision, etc.) of the structural proteins 
is irreversibly changed as a result of some process associated with intense 
stimulation. It is especially noteworthy that during the excessive 
activity resulting from this treatment the individual fibrils or cilia 
composing the plate frequently lose coherence and vibrate independ- 
ently. Apparently the normal interstitial material, corresponding to 
an interfibrillar film-structure, is irreversibly broken down during the 
continued excessive activity resulting from the abnormal stimulation. 
It is to be presumed that during the normal rhythm of contraction this 
film-structure is alternately broken down and replaced in such a manner 
that the restoration during each contractile cycle is complete, but that 
under the above abnormal conditions the process of reconstruction is 
imperfect and progressive disintegration results. 

The ability of cut or injured protoplasmic surfaces to form new film- 
structure has long been known; this property is highly significant in 
relation to the power of repair and maintenance possessed by all forms 
of protoplasm. In the recovery of the irritable cell or element after 
stimulation this film-forming process is almost certainly concerned, 
as indicated especially by the phenomena of the refractory period 
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above referred to; in certain egg-cells (Echinarachnius) a process of 
apparently the same kind can be shown to occur immediately after 
insemination (36). In those cases where the breakdown of the proto- 
plasmic structure is more rapid than can be compensated by the suc- 
ceeding reconstruction the effects of stimulation may be irreversible; 
this appears to be exemplified in the above cited instances of the lobster 
ganglion-cell and the ctenophore swimming-plate; structural break- 
down from exhaustion is in fact well known in higher as well as in 
lower organisms." A recent review by Seifriz (69) gives many instances 
of this capacity of living protoplasm to form new films or plasma 
membranes at cut or altered surfaces. 

In any irritable and conducting cell or element altered by normal 
stimulation, the formation of a new surface-film'® apparently occurs 
at each region immediately after the passage of the activation-wave. 
If this conception is true, the general conditions in living protoplasm 
resemble those existing in the passive iron model in strong HNOs, where 
as the activation-wave passes each region there is a chemical and physi- 
cal disintegration of the surface-film followed by its reformation. This 
surface change is accompanied by a variation of potential, and hence 
by the formation of a local current which determines the transmission 
in the manner already indicated. The evidence that stimulation is 
associated with a reversible increase in the permeability of the limiting 
protoplasmic membranes has been reviewed in several of my former 
papers on stimulation (27), (56), (70). <A striking instance where the 
transmission of the activating effect is clearly accompanied by a rapidly 
reversed breakdown or loss of continuity in the protoplasmic surface- 
layer has recently been observed by Just (36) in the sand-dollar eg 
(Echinarachnius) during insemination.” At the point of sperm-entry 
a characteristic local process, associated with the separation of the 
fertilization-membrane, is initiated in the surface-layer or ‘cortical 
zone” of the egg. This change travels slowly over the cell-surface 
(diameter = ca. 140u) and reaches the opposite pole some 20 seconds 
later. As it travels the protoplasmic surface-film loses temporarily its 
normal coherence or tenacity, so that if the egg is then placed in dilute 


165 Many striking instances are described in the recent book of Crile (68) on 
shock and exhaustion. 

16 Of course the degree to which this regeneration involves complete replace- 
ment, or simple repair of an altered though permanent structure, cannot be said 
at present. In the passive iron model an entirely new layer is apparently formed. 

17 Certain details, soon to be published, are included in the following descrip- 
tion, with the kind permission of Doctor Just. 
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sea-water (e.g., 60 vols. fresh plus 40 sea) it rapidly swells and bursts, 
the disruption beginning at the region to which the alteration-wave has 
extended. This unstable and non-coherent state of the plasma-mem- 
brane lasts at each region for only a few seconds, and within about 
one minute after insemination the whcle egg has recovered its normal 
resistance; it then simply swells without bursting in sea-water of this 
dilution. ‘These appearances indicate that as the change passes over 
the egg-surface the external layer of protoplasm undergoes a local 
disintegrative alteration, losing coherence and semi-permeability; at 
the altered region a thin film of surface-material is lifted off as the 
fertilization-membrane; following this process a new coherent and 
semi-permeable surface-layer is rapidly reformed. In its general fea- 
tures this process resembles that accompanying cytoplasmic cleavage 
in this egg and in the Arbacia egg, where during the formation of the 
cleavage-furrow the plasma membrane changes its properties in such a 
manner that the eggs break down rapidly in sea-water of the above 
dilution; this medium has no such effect in the intervals between cleav- 
age (71). Such a reversible surface-change is probably closely similar 
to that accompanying the transmission of an activation-wave along an 
irritable element like a nerve-fiber, with the difference that the proc- 
esses of local breakdown and reconstruction are much more gradual. 

In most of the foregoing examples ‘of protoplasmic transmission the 
reaction determining the propagation is apparently confined to the 
surface-film bounding the cell or cell-element from the external medium. 
Similar transmissions, however, undoubtedly occur within the interior 
of single cells; and recently an experimental study of these intracellular 
conduction processes has been made with the microdissection apparatus 
by Taylor (64), using the ciliated protozoén, Euplotes. In this form 
there are present certain definite intracellular non-contractile proto- 
plasmic strands or fibrils'® which are connected both with the external 
motor organs (cirri and membranelles) and with an internal central 
structure, the ‘‘motorium,” to which an integrative or coérdinating 
role is ascribed. Cutting these various tracts was found to produce 
definite disturbances of coérdination and conduction. It thus appears 
probable that within the limits of single cells systems of intracellular 
tracts or filaments may exist, transmitting influence from region to 
region. The intracellular fibrils of nerve-cells belong probably in this 
category. If such filaments are bounded by films similar in properties 


‘8 These strands are similar to those first described by Engelmann (72) in 
Stylonychia in 1880, and to which he attributed a conductive function. 
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to those bounding the general cell-surface and continuous with the 
latter, excitatory or similar influences originating at the cell-surface 
may be thus transmitted through the cell-interior and there modify 
chemical or other processes. Such a conception would regard the 
internal protoplasm of many irritable cells (muscle-cells, gland-cells, 
photogenic cells, etc.) as pervaded by a system of film-structure similar 
in properties to that enclosing the entire cell; both the structural and 
physiological characters of the protoplasmic system would then vary 
with the physical and chemical state of these films.'? Thus any irre- 
versible breakdown of this film-system would lead to structural and 
chemical disintegration, as in the cases cited above; but a temporary 
and reversible alteration, similar to that assumed to occur in the surface- 
film of a conducting neurofibril, would have a temporary and reversible 
effect which would cease when the film-structure was reformed. 

It appears probable that in contractile fibrillar forms of protoplasm, 
e.g., muscle-cells, cilia, membranelles, swimming plates, processes of 
this type form an essential condition of contraction. Removal or 
alteration of the interfacial film between fibril and sarcoplasm would 
alter the surface-tension and produce mechanical effects in a manner 
similar to that seen during the removal of the interfacial film in the 
Hg — HO: system (29). It is clear that in a stimulated muscle cell the 
effect of an alteration originating at the cell-surface is propagated through 
the entire protoplasm and causes contraction in all of the fibrille. That 
the contractile process in the ctenophore swimming plate is associated 
with a temporary breakdown of the interfibrillar material is indicated 
by the effects described above as occurring in pure NaCl solutions, 
especially the loss of coherence between the fused cilia forming the 
plate; many of these vibrate independently during the brief period of 
excessive activity, at the same time undergoing a coagulative altera- 
tion. The whole appearance is strongly suggestive of a rapid and 
irreplaceable breakdown of some interstitial material or film-structure 
which is essential to the normal properties of the whole plate and forms 
the medium of the coérdinated movement of its separate fibrils. This 
conception corresponds essentially to that of a continuous film-system 
representing the conductile part of the protoplasm, normal conduction 
depending on its local breakdown followed by its prompt reconstruction. 


19 Compare Hofmeister’s conception (73) of a chambered or film-partitioned 
structure (related to emulsion structure) as controlling chemical reactions in 
cells. For example, the rapid onset of autolysis at death may be due to the 
removal of a film-structure which normally limits the interaction of the intracellu- 
lar enzymes and their substrates. 
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The temporary interruption of such intracellular films would permit 
chemical interaction between compounds which in the normal resting 
state of the protoplasm are kept apart; and in fact many instances are 
known where reactions which occur slowly or imperceptibly in the intact 
cell proceed rapidly when protoplasmic structure is destroyed, or after 
natural death; the oxidase reaction which causes browning in fruits, 
potatoes and leaves, and the reactions of autolysis are examples. The 
recent investigations of Harvey (74) on light-production in animals are 
especially interesting because of the indirect light which they throw on 
the inner mechanism of stimulation processes. The substances luci- 
ferin and luciferase, whose union in the presence of oxygen determines 
light-production, are apparently both present in the irritable photogenic 
cell, but in many organisms theirdnteraction occurs only as the result 
of stimulation. Evidently some physical barrier preventing this union 
is then temporarily removed. The sensitivity of a luminous unicellular 
organism like Noctiluca to mechanical or electrical stimulation is most 
readily understood on the assumption that an intracellular film-structure, 
which is broken down and replaced in stimulation, controls the photo- 
genic reaction. Light-production thus forms an index of stimulation 
in the same sense as the bio-electric variation, both processes depending 
on alterations in the protoplasmic film-structure.2® The phenomena of 
irritable gland cells, which show both increased permeability and bio- 
electric variations during stimulation, are further examples having a 
similar significance. 

The evidence is conclusive that in the surface-films covering passive 
iron in HNO; or mercury in H2Q, the progress of the wave of disinte- 
gration is the direct result of electrolysis by local circuits. The evidence 
that transmission in protoplasmic systems is also a consequence of the 
local electrical currents produced in excitation is mainly of an indirect 
nature. The above parallels between the processes of activation and 
transmission in the metallic models and in living protoplasm are, how- 
ever, of a kind otherwise difficult to explain. The presence of thin 
alterable interfacial films seems to be the only significant structural 
feature possessed in common by both systems. Such considerations 
lend a new significance to the familiar fact that the physiological effects 
produced by external electric currents, e.g.,inmuscle, are indistinguishable 


20 An interesting instance of transmission of a light-producing reaction in the 
colonial celenterate animal Renilla has recently been described by Parker (75). 
Waves of light travel over the surface of the organism from the point of stimula- 
tion. The Q io of this transmission is ca. 2. 
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from those produced by normal innervation. On the present inter- 
pretation normal innervation represents in reality a form of electrical 
excitation. It has long been known that the passage of an activation- 
wave in nerve or muscle is associated with a local electrical variation 
and circuit (76); and in any electrically sensitive film-partitioned system 
of the type of living protoplasm such currents must have chemical 
efforts wherever they traverse the phase-boundaries. 

It is clear from inspection (see fig. 3) that the local bio-electric current 
accompanying the activation-wave, e.g., in a nerve, passes in such a 
direction that its normal effect—if it causes stimulation under the 
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Fig. 3. In A the arrows represent the direction of the bio-electric current in 
the local active-inactive (or action current) circuit on one side of the stimulated 
or active region S (dotted lines). In B the course of an external stimulating 
current from a battery is represented. Stimulation originates, on make, at the 
cathodal electrode, where the current has the same direction, relatively to the 
protoplasmic surface, as at R. 


same conditions as other electric currents—would be to excite the rest- 
ing areas adjoining the active area, and repress excitation in the active 
area. Also we know that the action-currents of a tissue have the inten- 
sity,duration and rate of change required to excite that tissue (‘‘rheo- 
scopic frog” experiments, etc.). These phenomena of secondary electric 
stimulation are apparently shown in isolated cells like spermatozoa 
(77) and ciliated cells, which beat synchronously when in close contact 
with one another. The synchronous vibration of flagella in protozoa 
is undoubtedly a closely related phenomenon. The view that trans- 
mission of excitation is essentially a case of secondary stimulation by 
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bio-electric currents was in fact long ago entertained by du Bois-Rey- 
mond (78), Hermann (79), Kiihne (80), and other earlier students of 
the bio-electric phenomena. Du Bois-Reymond even speaks of the 
possibility that processes of electrolysis may underlie electrical stimu- 
lation (81). 

Many other facts indicate the essentially electrical nature of the 
factors determining transmission. Thus it is well known that both 
local stimulation and transmission may be facilitated or hindered by 
the passage of constant currents through the tissue; this effect is defi- 
nitely polar (electrotonus), and probably represents in large part an 
interference effect between opposed electrical currents (37, pp. 136-138). 
The effects of local injury in blocking nerve transmission may belong 
in the same category, the local injury current compensating the current 
of the normal bio-electric circuit as the activation-wave nears the 
region of injury. Further evidence that the local action-current forms 
the essential condition for transmission is seen in the effects of altering 
the electrical conductivity of the medium. Mayor found that in dilute 
sea-water the rate of transmission in the nerve-net of the medusa 
Cassiopea is less than the rate in normal sea-water, the decrease for a 
given dilution running closely parallel with the decrease in the 
electrical conductivity (82). The relation between the conductivity 
of the medium and the rate of transmission of the contraction- 
wave in muscle has recently been made the subject of a special investi- 
gation by Pond (83), using the Limulus heart and vertebrate skeletal 
and cardiac muscle. The normal medium (sea-water, Ringer’s solu- 
tion) was diluted with isotonic sugar solution, and within a wide range 
of dilutions a close correlation between the electrical conductivity of 
the altered medium and the rate of transmission was found. This 
correlation is to be expected if electric currents traversing the extra- 
protoplasmic medium are in fact an essential factor in transmission.” 
The distance (from the already active area) at which the bio-electric 
current traversing the resting area has an intensity sufficient for stimu- 
lation must decrease (other conditions being equal) as the conductivity 


21 The fact that stretching a nerve (within moderate limits) leaves its rate of 
transmission unaltered (96), (97) probably has a similar significance. Excitation 
is always being initiated in the resting region of the nerve by the current of the 
local active-resting circuit up to a certain distance in advance of the already 
active area; on the present theory this is the distance at which the strength of 
the current where it traverses the surface-film just reaches threshold value, and 
is determined by the electric resistance, i.e., the length, of a column of solution 
extending beyond the active area for the distance in question. 
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of the local circuit is decreased; this implies a corresponding decrease in 
propagation-velocity. One reason why the presence of salts in the 
tissue media of higher animals is essential is probably that they furnish 
the electrical conductivity without which rapid transmission would be 
impossible. The further fact, already cited, that the speed of propaga- 
tion exhibits a close correlation with the rate at which the local variation 
of potential rises to its maximum, also indicates that propagation is 
determined by the current of the local active-inactive circuit. The 
more rapidly this current comes into existence, the more rapid must be 
its secondary stimulating effect in adjoining areas and the more rapid 
the consequent transmission (28). 

One further fact of much theoretical interest is that the phenomenon 
of transmission with decrement, briefly described above for nerve, is 
exhibited in essentially the same form in the passive iron model as in 
the living tissue (37). This type of transmission is shown immediately 
after the wire has undergone complete activation in strong HNO; 
(e.g. > 1.25) and has reverted to the passive state; a certain time is 
then required for the recovery of complete transmissivity; at first an 
activation-wave initiated at any point travels slowly and for only a 
limited distance along the wire; by degrees both the rate and distance 
of transmission increase, and eventually—e.g., in 75 per cent HNOs 
(sp. gr. 1.42) after about 10 minutes (at 20°)—the wire transmits for an 
indefinite distance as before. Evidently the condition of the newly 
formed passivating surface-film is such that it is less readily and com- 
pletely altered or removed by the current of the local circuit than a 
film which has been exposed to the acid for some time. If the analogy 
with protoplasmic transmission applies also to the conditions determin- 
ing transmission with decrement, it is to be inferred that the action of 
any agent, e.g., an anesthetic, which converts unlimited transmission 
in a living system (such as nerve) into transmission with decrement, 
depends upon its altering the properties of the protoplasmic surface- 
film in some definite manner. On the theory that the normal properties 
of the irritable living system, especially the normal susceptibility to 
electrical stimulation and the dependent property of transmitting 
excitation-wayves, are determined by the properties of the surface-films, 
we should expect that when by any means these structures are rendered 
less alterable than before, 7.e., stabilized, by the action of some physical 
or chemical agent, activation-waves will fail to be transmitted freely 
and the system as a whole will then exhibit itself as non-irritable. 
Reversible effects of this kind apparently form the basis of anes- 
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thesia, narcosis, and similar reversible inhibitions or suspensions of 
irritability.” 

Elsewhere I have attempted a more detailed comparison between the 
phenomena of activation, transmission and recovery in the living system 
and in the passive iron model (37). To the electrochemist the possi- 
bility of such a comparison may seem doubtful, because in all artificial 
systems hitherto constructed in which electric currents are produced by 
chemical action—and in which conversely chemical action is produced 
by the passage of a current—an essential condition appears to be the 
combination of both metallic and electrolytic conductors, so arranged 
as to form a complete circuit. Chemical action is confined to the 
regions where electricity passes between the one type of conductor and 
the other—i.e., to the layer of molecules at the boundary-surface. 
Living protoplasm presents conditions similar to these in some respects 
and widely different in others. No metallic phase is present; the essen- 
tial arrangement appears to be a combination of electrolytic conductors 
partitioned by thin semi-permeable films consisting essentially of chemi- 
cally alterable colloidal material. Yet chemical reactions are produced 
in this system by the passage of electric currents; and in its normal 
activity the system gives rise to electric currents. The bio-electric 
potentials are small (ca. 0.05 to 0.1 volt) in the case of single cells, but 
they may be summed when the elements are superposed, as exempli- 
fied especially in the electric fishes.” 

If in reality the conditions determining the electrical behavior of the 
living and the non-living systems are fundamentally of the same kind, 
it would appear necessary to assume that the semi-permeable films of 
living protoplasm behave in some way as conductors of the first class. 
There seems to be no theoretic impossibility in this, and investigation 
of the electrical conductivity of the water-insoluble compounds present 
in these films (e.g., lipoids, certain proteins, Ca-soaps) might yield 
important results, although it is improbable that such substances have 
more than the low conductivity usual with organic compounds of this 


2 The evidence that these conditions depend primarily upon alteration of 
the protoplasmic surface-films or plasma-membranes is summarized in my review, 
The Theory of Anesthesia (84). 

23 For summation of bio-electric potentials cf. Briinings (85). The essential 
structural peculiarity of the electric organ is the arrangement of the elements 
(plates, discs) in series, with the innervated and non-innervated surfaces of 
successive elements adjoining each other. This seems to be a clear indication of 
the electrode-like properties of the surface-layers. Cf. Bernstein (86) for a 
fuller account and literature; also Gotch (87), Biedermann (88), Garten (89a). 
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type (oils, rubber, etc.). What is of chief physiological interest is the 
evidence that the primary effects of electrical stimulation are at the 
protoplasmic boundary-surfaces; apparently it is because of the chemi- 
cal effects there produced by the current that the surface-films undergo 
alteration (of permeability, electrical polarization, physical consistency, 
etc.) during stimulation and transmit waves of chemical change to a 
distance. The above difficulty largely disappears if we assume that the 
distinction between conduction in a mass of metal and conduction 
across a partition of ‘‘non-conducting”’ material loses its importance 
when the material is in a sufficiently thin layer. Such an assumption 
is not merely arbitrary, since it is probable that all substances, even 
water, have some degree of “‘metallic’’ conductivity; hence conduction 
through a layer of oil only a few molecules in thickness need meet with 
no more resistance than conduction through a thick layer of carbon, 
metal, or other conductors of the first class. The conditions at the 
contact of such a thin film of ‘non-conductor” with an electrolyte 
solution during the passage of a current between the two would then 
be essentially the same as at the surface of a metallic electrode. What 
is essential is that a current should pass across the boundary between 
the two conductors. 

In electrolysis the chemical reaction is confined to the layer of mole- 
cules at the boundary, where electrons are transferred between the phases. 
As regards the electrochemical processes occurring at the boundary 
region it is a matter of indifference whether conduction in the interior 
of either phase is metallic or electrolytic; this can readily be seen if 
we imagine the metallic phase reduced to the thickness of a few mole- 
cules; only the surface molecules are concerned in the chemical process 
in any case. Adsorption films of oil or similar material need be only 
one or two molecules thick (89); and in living matter adsorption is 
undoubtedly one of the chief preliminaries to chemical reaction (90). 
To explain the behavior of living matter with reference to the electric 
current, therefore, it seems only necessary to assume that the chemically 
reactive material is present as an adsorbed layer of molecular thickness 
at the surface of a thin continuous, water-insoluble film, having a con- 
ducting aqueous phase (salt solution) on either side. The passage of a 
current across such a film would be attended with chemical alteration, 
and, conversely, chemical alteration (e.g., oxidation of the film material) 
would yield a current. The plasma membrane, together with the 
internal protoplasm and external medium adjoining, apparently repre- 
sents an arrangement of this type. 
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On the other hand, if the living system, in its current-producing and 
electrosensitive capacity, represents a special type of electric cell as 
yet unknown to electrochemistry, we ought to be able to synthesize 
such cells artificially, instead of depending on the processes of organic 
growth to synthesize them for us. It seems difficult to believe, in view 
of the detailed nature of the above parallels, that the living and the 
non-living systems are fundamentally dissimilar in the conditions deter- 
mining the relations between electric circuits and chemical change. 
There is in fact much evidence that under certain conditions the passage 
of electric currents across inorganic semi-permeable membranes (pre- 
cipitation-membranes) is attended with chemical change (91).% The 
related facts of electrostenolysis (92) also show that metallic conductors 
are not necessary for the production of electrochemical effects. The 
more complete determination of the conditions underlying the elec- 
trical sensitivity and current-producing capacity of living matter must, 
however, await further investigation.” 


24 An apparently similar effect is seen at the nuclear membrane of blood cor- 
puscles in the indophenol oxidation reaction; the granules of oxidation-product 
are deposited most rapidly at the nuclear surface, and their formation is accel- 
erated by induction-shocks (98). 

2» A complete discussion of this problem is not possible here. Its essentials 
may be defined briefly as follows. The surface of the living cell and the surface 
of a metallic electrode have certain conditions in common, such that the passage 
of an electric current between either and the adjoining electrolyte solution is 
attended with chemical change in the substances at the interface. In the 
metal-electrolyte combination the carriers of electricity (electrons and ions 
respectively) are different in the two phases, and each phase is impermeable to 
the carriers of the other phase. But with a sufficiently steep fall of potential 
across the boundary and a complete circuit (not compensated), electrons are 
transferred between the metal and the ions or molecules in contact; in other 
words, a current flows between solution and metal, and the molecules or 
ions which lose or gain electrons undergo corresponding chemical change. 
The chemical rearrangement may involve either decomposition or synthesis, 
oxidation or reduction, of particular compounds, according to circumstances. 
In the living cell also the surface is impermeable to the carriers, 7.¢., a semi- 
permeable film is interposed between medium and interna! protoplasm; this 
condition allows a P.D. to exist across the cell-surface. The film between 
the two electrolyte solutions (intra- and extra-cellular) is thin and the fall of 
potential across the cell-surface correspondingly steep; hence when a current 
passes the conditions are not essentially different from those at the metallic 
surface; i.e., there is transfer of electrons between molecules and ions at the 
interface, with associated chemical change. If this reasoning is correct, we 
may conclude that the transition from a metallic to an electrolytic conductor 
furnishes the same conditions (as regards the effects produced by passing a 
current) as the transition from one solution to another across a thin semi- 
permeable membrane. 
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ON THE ORIGIN OF THE CELLS OF THE BLOOD 


FLORENCE R. SABIN 
From the Department of Anatomy, Johns Hopkins University 


The history of the development of our knowledge of the blood centers 
around two opposing theories, and nowhere in medicine can there be 
made a more interesting analysis of the value of constructive theories, 
whether right or wrong, in the advance of science. No fact is better 
known than that the foundation of our knowledge of blood was made by 
Ehrlich. His introduction of the method of a chemical analysis of 
cells by means of dyes made modern hematology possible. Ehrlich 
divided the white cells of the blood into the granular or leucocytic 
forms and the non-granular or lymphocytic types. 

In the leucocyte Ehrlich found five specific types of granulations, 
only three of which occur in human blood: first, the a or oxyphilic, 
eosinophilic granule, which is large, refractive, uniform in size, round as 
in human blood, or in long rods as in birds; second, the 8 or amphophilic 
granule having the power to bind a chromophilic radicle from either a 
basophilic or an acidophilic dye. This type of granule is found in 
young cells, never in the adult forms. Third, the y granulation which is 
the metachromatic, basophilic granule of the mast cell; fourth, the 6 
granule which is truly basophilic and is not found in human blood, 
and fifth, the ¢ or neutrophilic granulation. This is the fine granulation 
which in human blood is neutrophilic, showing best in the Ehrlich 
triacid mixture, and in May-Giemsa stain. In some animals the fine 
granulation is faintly eosinophilic instead of neutrophilic and is termed 
pseudo-eosinophilic. 

Ehrlich saw in the affinity of these different granules for specific types 
of dyes an expression of a true chemical reaction and an indication of 
the division of the cells into specific functional groups. 

Since Ehrlich’s work it has been shown that eosinophilic granules have 
a lipoidal envelope which stains in certain basophilic, vital dyes. In 
1902 Michaelis and Wolff (41) discovered that there is another type of 
granule, stainable in azur whichis to be found in lymphocytes. In 
both of the great modern atlases of blood, namely Pappenheim (55) 
(56) and Ferrata (20), only certain lymphocytes are shown with granules, 
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and yet I think that granules can be made out in all living lymphocytes 
though often not more than two or three to a cell. This granule is 
metachromatic and Michaelis and Wolff thought that this granule was 
characteristic of the large mononuclear forms and the transitionals aswell, 
but Naegeli (51), (52) showed that the large mononuclear cells and the 
transitionals belonged together in one group, the monocytes, in having 
a granule which is not identical with the azur granule of the lympho- 
cyte. At first (1909) he thought that the granule of the monocytes was 
neutrophilic allying the cells with the myeloid forms, but later (1912) 
he found that their granule is neither azurophilic nor neutrophilic. It 
differs from the azur granule chemically because it gives the oxydase 
reaction while the granule of the lymphocyte does not. The oxydase 
reaction was introduced by Winkler (69), and consists in producing 
idophenol blue in cells that have a specific ferment to synthesize the 
dye from alphanaphthol and dimethylparaphenylendiamin. This 
ferment is in the granules of the leucocytes and monocytes but not in 
the lymphocytes. 

Ehrlich’s classification then led to six types of white cells, the neutro- 
philic, eosinophilic and basophilic leucocytes, the small lymphocytes 
with which were included certain intermediate forms, the large lympho- 
cytes or mononuclear forms and the transitionals. The studies on the 
blood since the time of Ehrlich have led up to a classification of the 
white cells into three groups; first the leucocytes with their three 
different cells; second the monocytes, with two different types, large 
mononuclear forms and the so-called transitional cell and third, lympho- 
cytes. By this classification I mean to indicate specifically the absence 
of any transitions between the cells of the three main groups, leucocytes, 
monocytes and lymphocytes. 

In the studies of blood and bone marrow made by Ehrlich and follow- 
ing his work, three problems dominated. First, the question of how 
primitive nucleated red cells became the non-nucleated red blood cor- 
puscles, through tracing the young erythroblasts with large nuclei 
having comparatively little chromatin, through the stages of the normo- 
blast with a smaller nucleus which becomes gradually pycnotic to the 
stage of the extrusion of the nucleus. Secondly, the study of how the 
various types of myelocytes in the bone marrow became the three types 
of leucocytes by the gradual change of their oval nuclei into the charac- 
teristic polymorphic types. Thirdly, the question of the origin of blood 
platelets. In connection with platelets it is now generally recognized 
that Wright has demonstrated that they are fragmented parts of the 
cytoplasm of the megalocaryocytes of the bone marrow. 
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The work of Ehrlich on anemias and leukemias led him to separate 
the two great groups of blood-forming organs of the adult, namely, the 
bone marrow and the lymph glands; the bone marrow giving rise to 
erythrocytes and the myelocytes as forerunners of the leucocytes while 
the lymph glands give rise to lymphocytic forms. In this system the 
spleen gives lymphocytes normally but readily returns to its embryonic 
myeloid function as a compensatory reaction in disease. This is the 
so-called dualistic, or more strictly polyphyletic theory of the origin of 
blood associated with the name of Ehrlich, and later with Naegeli, 
Schridde, Morawitz and others. This theory postulates that there are 
different stem cells for the reds, for the leucocytes and the lymphocytes 
and that they are located in specific places in the adult. 

It is, I think, exceedingly interesting that though it may well prove 
that the Ehrlich doctrine is nearer to the truth than the more modern, 
monophyletic theory, it cannot, I believe, be questioned that most of 
the progress in the subject of the blood since Ehrlich has been made 
under the monophyletic theory. A list of the chief names associated 
with the theory will prove this: Dominici, Pappenheim, Weidenreich, 
Maximow, Danchakoff, Ferrata. 

The foundation of the monophyletic school was laid in the discovery 
that there can be found for each type of cell in the blood—the erythrocyte, 
as well as for every type of white cell—a primitive cell with basophilic, 
azurophilic cytoplasm. Thus we pass into a period in which the study 
of cytoplasm was stressed more than the nuclei. The identification of 
this primitive cell as a common stem cell or hypothetical hematoblast 
is then the standpoint of the monophyletic theory. The first clear ac- 
count of such a primitive, basophilic cell as a general stem cell is to be 
found in a paper of Pappenheim (53), in which he calls attention to the 
fact that Ehrlich had noted that young myelocytes had a basophilic 
cytoplasm while the only stainable substance of the cytoplasm of their 
descendants, the leucocytes, was the specific granulation. Pappenheim 
discovered a primitive stem cell with basophilic cytoplasm as a fore- 
runner of erythroblasts and identified this primitive cell as a large 
lymphocyte. The working out of this theory has depended on the 
development of a new series of stains for blood, all modifications of the 
Romanowski eosin-methylene blue stain, namely, the entire group of 
azur dyes, the Giemsa stain and all its modifications, May-Giemsa, 
May-Griinwalt, Wright, Jenner, Wilson, etc. Azur is an oxidation 
product of methylene blue. Azur II, which is the basis of these stains 
is a mixture of methylene blue and azur. The clearest account of these 
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methods is to be found in Naegeli’s book, Blutkrankheiten und Blut- 
diagnostic. 

The best account of the embryology of the blood, from the stand- 
point of the monophyletic school, is to be found in the work of Dan- 
chakoff (6) for birds and Maximow (35), (36) for mammals. Both use 
the eosin-azur stain after fixation in zenker-formol, and section the 
embryos in celloidin. Madame Danchakoff finds that the original 
blood cell is a “primitive stem cell’’ derived from the blood islands 
which is neither to be identified as a red nor as a white cell. This 
primitive cell develops first within the vessels and subsequently extra- 
vascularly and in part from endothelium. At the stage of eighteen 
somites in the chick part of these primitive cells have become erythro- 
blasts so that she finds in the vessels two types of cells, namely, the 
primitive lymphocytes and the erythroblasts. On the end of the fourth 
day of incubation the granulocytes differentiate from an extra-vascular 
stem cell, so that the stem cell within the vessels gives erythroblasts, 
while the stem cell without the vessels gives the granulocytes. The 
essential conclusion of Madame Danchakoff’s work rests on these 
facts, that she has discovered that the red cells of the chick arise within 
the vessels, while the granulocytes arise outside the vessels. The cells 
from which these two groups of blood cells come, look alike and, being 
regarded as identical, she concludes that a common stem cell gives one 
or the other group according to its environment. Her four plates give 
beautiful figures of all of the stages in the differentiation of erythrocytes, 
from the first appearance of hemoglobin through the stages of poly- 
chromasia, which is the name to express that in the eosin-azur dyes 
basophilic cytoplasm stains blue and hemoglobin stains red and both 
show at the same time in the same cell. 

Maximow (35), (36) has given the best and most complete account of 
developing blood, using mammalian forms. He finds that the first 
blood cells of mammals develop within the vessels of the embryonic 
membranes as do those of the chick; that the primary cells are first 
lymphocytes, then erythroblasts. He notes the very close relationship 
of endothelium to the blood cells but thinks that the endothelium gives 
rise only to indifferent stem cells. Subsequently the formation of blood 
goes on within the embryo and in the mammal he thinks becomes en- 
tirely extra-vascular. Thus he thinks that there are two groups of 
erythrocytes, the primitive intra-vascular forms that disappear, and the 
definitive extra-vascular group that is permanent. 

He finds that the formation of blood within the embryo is at first dif- 
fuse, the cells differentiating from the mesenchyme in many places, 
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notably in the region of the head; subsequently becoming localized in 
the liver, in the spleen, and finally in the bone marrow. Maximow 
believes in a large lymphocyte as a common stem for all the blood 
cells. He finds that the marked difference between the chick and the 
mammal lies in the extra-vascular origin of the red cells in the latter, 
in all but the earliest stages. The extra-vascular origin of the red 
cells in mammalian bone marrow is now regarded as proved and is gener- 
ally accepted. It rests on this work of Maximow and on the studies of 
Mollier (43) on the development of blood in the liver. In connection 
with the work of Mollier it can be shown from his own figures that the 
extra-vascular spaces he describes may just as well be interpreted as a 
part of the lumen of the developing vessels in the light of our present 
knowledge of the differentiation of blood vessels from a vasoformative 
cell, the angioblast. In connection with the origin of red cells in bone 
marrow, we have been up until now without complete knowledge of the 
anatomy of the vascular system in that organ. It has been shown in 
some work by C. A. Doan, in this laboratory, soon to be published, 
that there is a very extensive plexus of collapsed capillaries in the adult 
bone marrow of the pigeon. Thus the subject of the origin of red cells 
in bone marrow must now |. re-studied in the light of this better under- 
standing of the-structure of the organ. 

In 1907, Maximow (38) followed the evolution of bone marrow by 
stimulating the formation of bone and marrow in the kidney by tying 
off the renal vessels in the adult rabbit. By this experiment he obtained 
a marrow much more simple than that of normal development and one 
in which it was easy to follow the stages, which are a preliminary 
dilatation of the small veins giving a slowing of the circulation and the 
subsequent differentiation of the various types of cells from a baso 
philic stem cell. The earliest identifiable red cell he calls a megaio- 
blast, which has a very large pale nucleus, then an erythroblast «nd 
finally an erythrocyte. He gives a careful description of the evolution 
of each type of cell and an especially clear account of the differentiation 
of the granulocytes by a gradual increase in the specific granulation in 
a primitive, basophilic stem cell. 

The presentation of the monophyletic theory has been the life work 
of Pappenheim in Germany and of Ferrata in Italy. In 1905 to 1912 
Pappenheim published his well-known atlas, and since Pappenheim’s 
death the Folia Haematologia (56) has published his final monograph 
which covers the entire field of hematolgoy. 

The presentation of the various forms of the blood cells in the adult 
and in development as they can be seen in the azur-eosin technique, in 
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normal and pathological states in these two atlases and the two papers 
of Maximow and Danchakoff, cannot be surpassed. The monograph 
of Pappenheim covers completely all the known facts of blood and is a 
real mine of accurate information but made excessively abstruse by 
countless genealogies of blood cells which I think are all based upon a 
misconception of the origin of blood. With the elimination of Pappen- 
heim’s hypothetical “lymphoidocyte” all of this complexity would 
disappear and this complexity could indeed drop out without detracting 
from his achievement. The work of Pappenheim in founding the 
monophyletic school and in tracing the maturation of individual blood 
cells has led and dominated hematology since the work of Ehrlich. 

The atlas of Ferrata (20) also covers the whole field of modern hema- 
tology. He brings out further stages of the evolution of the specific 
types of blood cells as a completion of the main contribution of the 
monophyletic school. His first ten plates cover the maturation of the 
red blood cells most completely and beautifully. He has worked out 
the changes in the azurophilic cytoplasm leading up to basophilic 
punctation in experimental lead poisoning. The most important sec- 
tion of his book is the one in which he deals with the relation of the 
blood cells to the connective tissues in general, a subject of great interest, 
as will appear later. 

To sum up the work of the monophyletic school, they have shown 
that the original cell of each series of the blood cells has a basophilic 
cytoplasm staining especially in azur; they have given us a complete 
and accurate history of each specific cell; they have shown that the 
erythrocyte begins as a cell with basophilic cytoplasm in which the 
acidophilic hemoglobin gradually appears so that the young cells have 
a stage when both substances stain, called polychromasia, which is 
gradually succeeded by the ripe forms in which the only stainable 
substance is the acidophilic hemoglobin. They have described more 
fully the stages in which granulocytes begin by a development of 
specific granulation in a primitive basophilic cytoplasm and finally in 
their beautiful atlases of lithographic plates have illustrated the entire 
range of variation of the three types of white cells, namely the lympho- 
cytes, the granulocytes (leucocytes) and the monocytes. The lympho- 
cytes include all the small lymphocytes and the older cells up to those 
about twice the size of the small cell. The monocytes include the very 
large, pale, mononuclear forms, and all of the transitional forms of 
Ehrlich. The actual separation of monocytes (histiocytes) as a specific 
functional group is due to Aschoff and Kiyono. The monophyletic 
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school have, I believe, made a mistake in the identification of the 
lymphocyte or a lymphocyte-like form, as a common stem cell. It is, 
I think, unquestionably true that the primitive stem cells of the different 
groups of blood-cells cannot be separated in fixed specimens even with 
the most perfect technique, but I think that these stems can be ana- 
lyzed with the method of vital staining. 

Naegeli has been the leader of the polyphyletic school since the time 
of Ehrlich, and I think that it is fair to say that in spite of the brilliance 
and the dominance of the monophyletic school, the idea first indicated 
by Naegeli of classifying the white cells of the blood into three groups, 
leucocytes, monocytes and lymphocytes, has been used continuously in 
the clinical study of blood, the reason for which now being clear, that 
this classification is functional. 

Clasmatocytes. We are at the present time in the beginning of the 
experimental phase of hematology. As soon as we pass into this phase 
it becomes clear that blood, both embryologically and functionally, 
must be considered as a part of the larger subject of the connective 
tissues. The beginning of the experimental analysis of the connective 
tissues was made by the Russian, Maximow, one of the greatest of 
modern histologists. The first step was in some experiments on rabbits 
published in 1901-02 in which he introduced two sterile cover-slips 
under the skin in rabbits and found that leucocytes were the first cells 
to wander between them; then followed a specific type of cell which he 
called a clasmatocyte and for nineteen hours only these two cells were 
present and it was not until later that typical fibroblasts appeared. 
Thus he showed that in the main there are two distinct strains of cells in 
the subcutaneous tissue, clasmatocytes and fibroblasts. Four years later 
he defined the clasmatocyte more specifically by the use of a vital dye, 
neutral red. If living connective tissue be stained with 1 per cent 
neutral red, all the cells will be killed and all will stain, but if the dye 
is used in the strength of 1 to 10,000, and injected into the blood 
vessels, only the clasmatocytes will react and thus they stand out most 
clearly. The clasmatocyte is a cell with an oval nucleus that is smaller 
and stains more intensely than that of a fibroblast. The cell varies 
in shape, is oval or irregular and has more definite contour than a 
fibroblast. Its cytoplasm contains granules that stain with neutral 
red, and mitochondria, and its most distinctive characteristic is certain 
vacuoles, which are really fluid parts of the eytoplasm which also stain 
with neutral red. 

The next step in our knowledge of the clasmatocyte came in the work 
of Bouffard (4) in 1906 and was a by-product, as it were, of experiments 
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in connection with the treatment of trypanosomiasis by the injection of 
benzidene dyes. Ehrlich had injected trypan red hypodermically and 
had noted that the animals became stained. Following this work 
and that of Mesnil, Bouffard injected “Toluidin and acid H,” and 
found that the dye was taken into the blood-stream from which it 
quickly disappeared by being taken up by the Kupffer cells of the liver, 
the cells of the renal tubules and by certain interstitial cells (clasma- 
tocytes) of organs. Three years later Goldmann (22), directly through 
the influence of Ehrlich, took up the method and really established it 
as a method for studying phagocytosis. He first used pyrrol blue and 
later the less toxic trypan blue and gave a very searching analysis of the 
reactions of the various types of the cells of the body to these dyes. 
He brought out sharply that there is a specific cell of the connective 
tissues, which he called the pyrrol cell, that can be clearly separated 
from other cells by this experiment. 

The method was then used by Evans and Schulemann (15), (16), (17) 
and a very large group of workers, with the result that the clasmatocyte 
can now be very accurately defined. Evans and Schulemann proved 
that the azo dyes do not stain any part of the cytoplasm but that the 
dye is taken into the cell as particulate matter of specific size and that 
these granules are segregated and clumped in vacuoles. Neutral red, 
used as a vital dye, that is. in specific dilutions, stains both preformed 
granules in these cells and the fluid in the vacuoles. These vacuoles 
are an organ of the cell for segregating particulate matter which has 
been called the segregation apparatus by Evans who gives all their 
synonyms, plasmasomes by Ferrata, the grains de ségrégation by 
Renaut, vacuoles 4 grains de ségrégation by Dubrueil and purpur 
granula by Hammer, dye sphere formations by Rosin and Bibergiel, 
and more simply the vacuoles by Lewis and Lewis. 

In an extensive monograph of Evans and Scott (18), which is now in 
press in the Contributions to Embryology of the Carnegie Institution 
of Washington, is given a most complete and beautiful description of 
the reaction of the clasmatocytes on the one side and the fibroblasts 
on the other to about 200 of the known vital azo dyes in both acute and 
chronic stages. Both clasmatocytes and fibroblasts take up the dye as 
minute particles, the clasmatocytes in greater amount, and the clas- 
matocytes have vastly greater power of clumping the particles into 
larger masses and segregating these masses in vacuoles. There the 
substance is either retained in amorphous clumps or, as Evans and 
Scott have shown, may form beautiful crystals. They find that though 
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in very chronic condition the amount of the dye in fibroblasts may so 
increase as even to exceed that of the clasmatocytes and that though 
fibroblasts develop an extensive segregating apparatus, nevertheless 
even in these extreme conditions the cells do not become identical and 
can be separated by the fact that the clasmatocyte gives up the dye 
much sooner. This work will live as the standard for the complete 
differentiation of these two types of cells. Every student of histology 
and pathology should see the clasmatocyte after staining in vivo with 
trypan blue and with the supra vital staining of neutral red. In either 
experiment a bit of the omentum or a little of the connective tissue 
around the pancreas gives a most beautiful demonstration. The 
differences between the clasmatocytes and the fibroblasts are also most 
clearly brought out in the method of tissue culture, as shown by Lewis 
and Lewis, for against the delicate films of fibroblasts spread out in 
one plane in their preparations, the clasmatocytes show with great 
clearness. 

It is obvious that phagocytosis is a very general property of cells 
and the original experiments of Goldmann gave a survey of almost 
all of the types of cells that take up these benzidine dyes which are 
introduced in the form of particulate matter. The question of the 
reaction of leucocytes to these dyes has been an interesting one. It is 
well known that leucocytes are phagocytic, indeed vitally stained with 
neutral red many of them can be shown to have a stainable vacuole 
but they are found stained only occasionally after injections of these 
dyes. Downey (10) showed that they were stained if taken from an 
occluded vein in which there was dye in the plasma or if taken from the 
tissues soon after a subcutaneous injection. The question of the re- 
action of all of the types of the cells of the blood to phagocytosis must 
be taken up in the light of the fact that it has been conclusively shown 
that foreign particles remain in the blood stream but a short time. 
Drinker (11) has recently tested this by using a substance, manganese 
dioxide, which can be recovered chemically and has followed the fate of 
a given dose in the body. He has found that in most experiments all of 
the particles have disappeared from the blood in eighteen minutes, and 
that at the end of one hour 90 per cent of the material can be recovered 
from the liver, the spleen and the lungs. The question is therefore one 
of the relative power of cells in phagocytosis, and there are special cells 
in these three organs which possess this power in the highest degree. 
These special cells are all endothelial cells. It is obvious that all of 
the dye is not permanently stored in these special endothelial cells and 
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the clasmatocyte thus stands out as a cell for storing particles over 
long periods of time. But in the light of these experiments a negative 
finding in connection with the blood cells does not prove that they 
cannot take up the dye since in any experiment the dye is in the blood 
stream so short a time. 

The clasmatocyte has now been most effectively discriminated from 
the mesothelial or serosal cell lining the pleural and peritoneal cavities 
in some experimental studies of Cunningham (5a). This relationship 
has been the subject of very extensive studies, notably by Pappenheim, 
Weidenreich and Schott. Cunningham has been able to analyze the 
reactions of serosal cells to various types of stimuli and has found that 
their reactions are entirely different from those of the clasmatocytes, 
the fundamental physiology of the former being differentiated toward 
secretion while that of the latter is toward phagocytosis. In fact he 
has shown that the serosal cell is more like a fibroblast than it is like a 
clasmatocyte. The serosal cell may take up particles of dye, it may 
become free, but it does not become a clasmatocyte. It is clear that 
modern histological studies depend on the discovery of such specific 
criteria for cells as to enable one to distinguish them from all other cells 
moreover these criteria are often the keys for analyzing their functions. 
A general survey of cells with reference to these specific criteria is 
being made in the beautiful studies of living tissues by the method 
of tissue culture in the work of W. H. and M. R. Lewis. 

The differentiation of the clasmatocyte from all the other types of 
the cells of the connective tissues is the first step in the newer work 
in hematology. The clearest presentation of the idea of the relationship 
of the clasmatocyte to the monocytes of the blood we owe to Aschoff 
and Kiyono. They studied the reactions of cells after the injection of 
lithium carmine into the circulation, in fact, they say that this procedure 
was first introduced by Heidenhein. In these experiments they found 
that the white cells which occur in the thoracic duct, that is to say, the 
lymphocytes, did not take up the granules of the dye but that there was 
a group of blood cells especially numerous in three places, the veins of 
the spleen, the vessels of the liver and the veins of the extremities, 
which did take up the dye exactly as do the clasmatocytes in the 
experiments of Bouffard and Goldmann. The fact that not alli of the 
blood cells of one type take up such particles in any one experiment 
need no longer be a confusing factor in the light of the speed with 
which such particles are taken out of the circulation. Aschoff and 
Kiyono regarded these cells as of endothelial origin, and like the clas- 
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matocyte of Maximow or the adventitial cell of Marchand. They 
called them histiocytes or endothelial leucocytes. They therefore 
stressed the division of the white cells of the blood into three types, 
leucocytes, lymphocytes and histiocytes or monocytes. At the meeting 
of the American Association of Anatomists in 1921, Simpson described 
the vital staining of films of human blood by the Pappenheim method 
in which she showed that the transitional cell of the blood stream has 
a vacuole which is identical with the segregating apparatus of the 
clasmatocyte. In some studies on the differentiation of blood cells as 
seen in the living chick (1921) I have been able to prove that the clas- 
matocyte of the connective tissues and the monocyte of blood are iden- 
tical cells with an identical origin. Both of them can be seen to differen- 
tiate and become free from the endothelium of capillaries and veins in a 
living form. Ferrata’s view that the clasmatocyte may be considered 
as a stem cell does not seem to me justified because both cells are com- 
pletely differentiated when they break off from the parent endothelium. 

The erythroblasts, the first blood cells. In giving an account of these 
experiments with a living form one should begin with the erythroblasts 
since they are the first blood cell to form. Moreover since erythro- 
blasts come from angioblasts and endothelium one must begin with the 
subject of the origin of the angioblast. 

In 1920 the writer (61) published an account of a study of the origin 
of the vascular system as it can be made out in the living blastoderm 
of a chick of the second day of incubation. During the second day of 
incubation the essential processes of the origin of the vascular system 
can be made out in the area pellucida with very great clearness. Blood 
vessels start by the differentiation of a new type of cell, the angioblast, 
from the primitive mesoderm. This cell develops a denser cytoplasm 
than the primitive mesoderm, due to the fine azur granulation so that 
it is identical with the stem cell of the monophyletic school. The size of 
these granules is such as to give the cell the appearance of ground 
glass. During the second day of incubation all of these basophilic cells 
can be identified as angioblasts because, as seen in the living form, they 
remain together after their first division to make syncytial masses. 
These masses of cells then put out very characteristic sprouts by which 
they join similar masses to form a plexus. These solid masses of cells 
become blood vessels by a true cytolysis or liquefaction of the center of 
the mass to form blood plasma while the cells on the edge differentiate 
into endothelium. The essential characteristics of angioblasts are the 
dense, basophilic cytoplasm, the tendency to form syncytial masses, 
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the sprouting to form plexuses, and the liquefaction to form blood 
plasma. It should be made very clear that there is a tissue fluid before 
there are any angioblasts, which in the chick is taken in from the yolk 
by endodermal cells, and that the blood vessels produce their own fluid 
so that endothelium from the start is a membrane between two fluids, 
a tissue fluid and a plasma, and the plasma is made from a solution of 
cells, the nuclei being involved as well as the cytoplasm. It may thus 
be said that the fundamental morphology of the vascular system has 
been established. 

The next point of importance in the study of these living chicks is 
that the origin of red blood cells both from primitive angioblasts and 
from the cell division of endothelium can be proved beyond question. 
It can be seen in the living chick that when liquefaction is going on, 
a part of the solid mass may remain and develop hemoglobin as can be 
made out by the cells becoming yellow or if the cytoplasm of the center 
of the mass has entirely liquefied the endothelium may divide and give 
two rows of cells, the inner one of which protrudes into the lumen and 
will develop hemoglobin while it is yet attached to the wall and divide 
to make a mass of red blood cells. Thus by watching the living chick of 
the second day it can be seen that all the primitive blood cells become . 
erythroblasts and that their genealogy is angioblast directly to ery- 
throblast, or angioblast, endothelium, erythroblast. Thus the postu- 
lation of a lymphocyte as a stem cell is here unnecessary. 

During the present year I (62) have been making further studies of the 
development of the blood, and have found that the older chicks can be 
studied in the same manner, the processes being watched under an oil 
lens. It has been found to be a very great advantage to study these 
blastoderms with a vital dye, and neutral red is the most convenient. 
The embryo is studied in Locke-Lewis solution, to which has been added 
2 to 3 drops of a 1 per cent aqueous solution of neutral red, a dilution 
of approximately 1:10,000. From each blastoderm I first draw out 
one or two drops of blood for films, which are studied with vital dyes 
and then stained with Wright’s eosin-methylene blue. The blastoderm 
is then mounted and watched for about four hours. The technique for 
the blood films with a vital dye is that of Pappenheim, to make a very 
thin film of the dye, neutral red or brilliant cresyl blue, by drawing a 
clean rod dipped in a saturated alcoholic solution of the dye across a 
clean slide, and then mounting a drop of fresh blood on this dry film 


of stain. The specimen is at once ringed with salvoline and placed in 
a warm box. 
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In these studies it has been possible to establish a specific criterion 
for a primitive red cell. At the stage of the second and third day, of 
incubation, all of the red cells have a very characteristic massive granu- 
lation stainable vitally in neutral red and brilliant cresyl blue. It is in 
the form of granules and rods which make a dense rosette or wreath 
that completely surrounds the nucleus. It takes a stronger solution 
of the dye to bring out this granulation than to stain the granules and 
vacuoles of the clasmatocytes. In the weaker solution the granulation 
of the red cells becomes just visible though it is not stained. In the 
living cell the granulation has the same index of refraction as the rest 
of the cytoplasm and is therefore not to be distinguished. It is stainable 
however in a dilution that does not stain the nucleus. The granulation 
is soluble in all of the fixatives, in Helly’s solution, in alcohol, in formalin 
and in the vapor of formalin but if it be stained in brilliant cresy] blue it 
becomes insoluble inmethy] alcohol and sothe cells can be counterstained. 
In the early stages of the red cell or megaloblast the granulation is 
massive and completely fills the cell; then as the cytoplasm increases 
the granulation remains in a rosette or wreath around the nucleus 
making the erythroblast; a little later it begins to spread out or thin out 
_in the cytoplasm making extensive reticular forms. These reticular 
forms or erythroblasts begin to appear on the third day and they show 
both the basophilic cytoplasm and the specific granulation. By the 
seventh day the majority of the red cells are in the reticular form, but 
the primitive stage and the rosettes are still present. The primitive red 
blood cells are fairly uniform in size, or at least on the second day one 
can make out but a few different generations in them, but by the fifth 
day there is a remarkable variation with very small actively dividing 
cells, many of them irregular or spindle shaped and much larger, older 
forms. The smaller forms have the granules in the rosette form, the 
larger one in the diffuse reticular form. In both of these stages there 
is polychromasia. Gradually the amount of the granulation becomes 
very much reduced. The intermediate stages between the seventh 
day of incubation and the time of hatching I have not yet followed 
through, but at the time of hatching and for the first three days after- 
ward, all of the red cells have a few granules stainable with brilliant 
cresyl blue. Some of the cells have only one or two, others up to eight 
or ten granules while a few of the cells have more. In this stage there 
is no longer any diffuse basophilia. 

This substance I believe to have very great significance in the study 
of blood. It forms a specific criterion for recognizing the primitive red 
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cell in distinction to other types of the blood cells. The method of 
embryology gives a chance to follow the stages in its development with 
exactness, so that one can know how primitive a given cell is by the 
amount and the arrangement of these granules. Since it is so funda- 
mental, it must necessarily appear in the blood in conditions when 
blood is regenerating. Besides this, it may offer a chance to study the 
development of hemoglobin, for example, in testing whether these gran- 
ules contain iron or not. 

The use of vital dyes for the staining of granules in blood cells was 
suggested by Pappenheim as early as 1894, recommending brilliant 
cresyl blue at that time, while in 1896 Isreal and Pappenheim (26) 
showed that if a few grains of neutral red were placed on a slide and 
used for a blood film, a few granules in the red cells would stain as the 
cells began to die. The use of neutral red for the blood was introduced 
by Ehrlich. The subject of vitally stained granules in the red cells was 
not brought into prominence until 1907, when Cesaris-Demel, Pappen- 
heim and Ferrata all published articles on the subject in the Folia 
Haematologica. Cesaris-Demel describes and illustrates the substance 
both in the granular and in the filamentous form, showing differences 
in the reaction to the stain of these two forms. He discusses the 
occurrence of cells containing these granules in cases of anemias. The 
question which comes up first in connection with this vitally stainable 
substance is its relation to the so-called “punctate basophilia.”” Both 
Pappenheim and Ferrata agree that the two substances are entirely 
different. Basophilic punctation, or Grawitz granules, consists of fine 
particles of basophilic substance, stainable after fixation, in azur, 
exactly like the finely granular basophilic cytoplasm. Ferrata (20) 
believes that these granules, basophilic punctation, that is to say, 
granules staining in azur, arise as an abnormal clumping “conglo- 
bation” of the primitive basophilic substance. On his plate VIII (20) 
he shows the changes in the basophilic substance in experimental lead 
poisoning, the earlier phase being a clumping of the basophilic sub- 
stance in the periphery of the cell, giving patterns very different from 
those of the vitally stainable substance. This view of Ferrata, that 
the basophilic punctation is an abnormal change in a young cell, explains 
why this granulation does not appear in the normal development of 
blood. That is to say, basophilic punctation would then represent a 
young cell which has suffered abnormal changes, while the reticular 
cells are normal young cells which may appear in the circulation under — 
abnormal conditions. The granules which stain vitally I believe to 
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have great significance as being a fundamental substance in evolution 
of the erythrocyte, which would make clear their appearance in the 
cells of the circulating blood under conditions of regeneration just as 
nucleated forms appear in regenerating human blood. When the exact 
stages of the development of the vitally stainable granules are worked 
out in the human embryo, as can now be done, it will be possible to esti- 
mate just how primitive are the young cells that get into the circu- 
lation during the phase of regeneration. 

In these studies in the chick four different kinds of stainable sub- 
stances have been found in the cytoplasm of the erythroblasts. First, 
the very finely granular, basophilic cytoplasm, staining in azure and 
appearing like ground glass. This substance is not distinctive because 
it is characteristic of the primitive type of all blood cells. It disappears 
as hemoglobin develops. When both substances are stained in the same 
cell, we have the phenomenon of diffuse basophilia, or polychromasia or 
polychromatophilia. Secondly, a specific granulation characteristic 
of the erythroblast, a criterion to separate it from other cells, a substance 
which is exceedingly soluble but can be made insoluble by combina- 
tion with certain vital stains, notably neutral red and brilliant cresyl 
blue. When so stained it is retained in methyl alcohol so that the cells 
can be counterstained in azur-eosin. It is in the form of granules and 
rods, which are arranged in characteristic rosettes or wreaths around 
the nuclei; later the substance becomes less dense and then occurs in 
a reticular form, and finally, in stages after all of the basophilic cy- 
toplasm has disappeared, is in the form of a few granules or 
droplets, in the acidophilic hemoglobin-bearing cytoplasm. Thus it 
persists longer than the basophilic cytoplasm. Thirdly, hemoglobin. 
In the primitive cell there is the basophilic cytoplasm and the specific 
granulation. Just the moment of the beginning of hemoglobin is hard 
to make out, but it can be recognized in a living cell before it can be 
fixed and stained. It occurs in the cells on the second day of incubation 
when the specific granulation covers the entire area of the cell. When 
the hemoglobin can first be stained the azurophilic cytoplasm predomi- 
nates as has been shown by Pappenheim, Maximow and Danchakoff. 
The second stage of the red cell has polychromasia and the specific 
granulation in a dense rosette around the nucleus, the third stage has 
still polychromasia and a reticulation of the vitally stained granules, 
and finally the basophilia disappears while the hemoglobin and a 
remnant of the specific granules are left. This stage characterizes the 
cells at the time of hatching in the chick. 
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Fourth, there are the so-called Howell-Jolly bodies. These are frag- 
ments of nuclei which were discovered by Howell (25) in 1890 in ery- 
throcytes of the cat after hemorrhage. It is very interesting to note 
that cells with fragmented nuclei, giving these bodies, occur as early as 
the second day in the chick and are to be found in almost all specimens. 
They are to be interpreted as dying cells. They show that there is a 
certain amount of cell-death even in very early stages of development. 

Besides these four substances which are to be found in the course of 
normal development in the chick, there are two other stainable sub- 
stances found in the red cells in clinical work which have not been 
found in the chick. They are the basophilic punctation already dis- 
cussed and the ring bodies of Cabot, especially well illustrated by 
Ferrata. The latter are thought to be the occasional remnants of the 
nuclear membrane, after extrusion of the nucleus. It is clear that an 
accurate knowledge of the maturation stages of the red cells, or the 
steps by which a primitive red cell becomes an erythrocyte, is of very 
great value in estimating the severity of an anemia or in following the 
stages of recovery. The method of studying the development of the 
blood by taking it out from a chick on each succeeding day of incubation 
and using the technique which combines vital dyes with the eosin-azur 
blood stains enables one to follow the stages step by step as cannot be 
done in bone marrow. In the chick a specific new stage is added with 
a given increase in the age of the chick. Thus one can have a specimen 
of red cells in which there are only the primitive types, and then are 
added the rosettes or wreaths of the specific granule, then the reticular 
forms in cells which show polychromasia and finally comes the stage 
of remnants of the specific granulation in erythrocytes with acidophilic 
hemoglobin. At the time of hatching all of the red cells in the circula- 
tion of the chick show a few of these vitally stainable droplets, some of 
the cells having 1 or 2, others 8 or 10. The same progression in the 
development of blood can be followed by this method in mammalian 
forms, but so far only a beginning has been made. 

That endothelium may give rise to red cells was discovered by Dan- 
chakoff (6) and confirmed by Maximow (35), Minot (42), Emmel 
(12), (13) and Jordan (27), (28). The extent of the origin of the red 
cells from endothelium in the chick was not made clear until studies 
were made in the living form. The significance of the origin of ery- 
throblasts from endothelium in the chick will, I think, be much less if 
Maximow’s view is finally confirmed that the origin of red cells from 
endothelium is only transitory and that the secondary, permanent 
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red cells are extra-vascular in origin. The question has two phases, 
are the cells actually extra-vascular, and if so are they related to 
endothelium? 

Origin of monocytes and clasmatocytes. On the third day the white 
cells of the blood begin and the origin of two groups can be seen in the 
area pellucida, namely, the monocytes and the granulocytes (62). By 
the term monocyte I mean the large mononuclear forms and the tran- 
sitionals of Ehrlich, grouped together in the third row in Pappenheim’s 
plate 1, (56) and the fourth and fifth rows on Ferrata’s plate XII (20). 

Of the monocytes, it is the transitional forms that are the easiest to 
make out because they are identical with the clasmatocytes. On the 
third day the endothelium of the capillaries and veins of the area pellu- 
cida becomes reduplicated in places. All of the endothelial cells have 
granules that stain in neutral red, scattered throughout the cell. A 
single cell of the endothelium of the inner row enlarges, protrudes into 
the lumen, develops the vacuoles that are characteristic of clasma- 
tocytes, and may even engulf a red blood cell. This I have seen in 
the living chick and such a cell is shown in Maximow’s figure 4 on plate 
XVIII (35). The free border of the cell then develops an appearance 
characteristic of clasmatocytes, a film of cytoplasm in which a central 
process is more refractile than the rest, and these films of cytoplasm are 
in constant motion. These cells I have seen become free from the wall 
making the transitionals of the blood. Maximow has seen these cells 
in the vessels of mammalian embryos and has shown three of them in 
the same figure but did not regard them as a blood-cell type. They 
are identical with the clasmatocyte and with the transitional forms of 
adult blood. At the same time the endothelium gives rise to clasma- 
tocytes; the outer cells of a reduplicated endothelium divide rapidly and 
make irregular patches of cells along the vessels which differentiate 
vacuoles, many of them very large, and these cells become free and have 
all of the characteristics of clasmatocytes. The extra-vascular ones tend 
to be larger than those within the vessels but I have seen one of the 
large forms pass into a capillary. Thus the transitional cell of the 
blood and the clasmatocytes are identical forms and both develop from 
endothelium. Moreover they become differentiated into the specific 
cell type before they are detached from the wall of the vessel. 

The large mononuclear form comes also from the endothelium though 
this is less easy to demonstrate on the third day because there are so 
few and because one lacks the characteristic neutral red reaction to 
pick them out. A special endothelial cell may enlarge and become free 
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with neither the neutral red rosette of the erythrocyte nor the vacuoles 
of the clasmatocyte. The cells become larger than the others and their 
nuclei become eccentric. They are most readily demonstrated in 
Wright’s stain after the vital dye brilliant cresyl blue because they lack 
the characteristic granulation of the red, and because their cytoplasm 
stains a distinctive clear blue. Thus in the yolk sac of the living chick 
of the second and third days of incubation it can be proved that endo- 
thelium gives rise to the erythroblasts, to the monocyte stem of the 
white cells and to the clasmatocytes of the connective tissue. On the 
second day almost all of the cells become erythroblasts, though I have 
found a few monocytes within the vessels in an occasional specimen. In 
other words, it may be said that the clasmatocytes are from endothe- 
lium, most of them are extra-vascular, a few intra-vascular. 

Having proved that the monocytes of the blood and that the clas- 
matocytes of the connective tissue are derived in the embryo from 
endothelium and are identical cells we may now go a little deeper into 
the subject of the clasmatocyte. Maximow distinguished between 
the resting wandering cell and the active one in his first experimental 
procedure, indicating that the mononuclear cell of the connective 
tissues, well known to the pathologist, became transformed by irritation 
into the actively phagocytic clasmatocyte. The same double group 
of cells is to be found among the monocytes of the blood, in the large 
mononuclear and the transitional forms. Both come from endothelium, 
and it is a question whether the mononuclear becomes in the blood stream 
a typical transitional or not; in Pappenheim’s row of monocytes (56, 
plate I), the second cell is an undoubted large mononuclear but has a 
vacuole in which is a remnant of a phagocytized red cell. The large 
mononuclears of the blood stream may have the relation to the tran- 
sitional that Maximow sees in the mononuclear cell of the connective 
tissues to the clasmatocyte, namely, a resting and an active phase of 
the same cell, or the mononuclears of the blood stream may be for the 
most part old cells, which would not give rise to typical transitionals. 
Maximow called the whole phagocytic group of cells of the connective 
tissue, polyblasts, clasmatocytes, or resting and active wandering cells. 
He believed that they arose from blood cells (lymphocytes) which had 
wandered out of the vessels. Marchand (34) then took up the subject 
and carried it a step farther showing that the clasmatocyte is not a cell 
which has emigrated from the blood vessels, but is rather a true extra- 
vascular cell, which he calied the adventitial cell. 
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The term clasmatocyte was adopted by Maximow from Ranvier who 
had given the name to an amphibian cell now known to be different; 
the word means to fragment and in this sense is not descriptive. It 
has been called the resting wandering cell and the polyblast by Max- 
imow, the histiocyte by Aschoff-Kiyono, the pyrrol cell by Goldmann, 
the rhagiocrine cell by Renaut and finally Evans has adopted the term 
macrophage to include all the cells of the connective tissues that phago- 
cytize trypan blue. It is obvious that the term macrophage is not 
distinctive for the one type of cell, especially since we can now separate 
the clasmatocyte so sharply from the serosal cell. Now that this cell- 
type has become so clear that we know its origin and its specific function, 
we should have a distinctive and a clear name. We may then offer as 
a definition of a clasmatocyte or histiovyte, that it is a cell derived from 
endothelium being very highly specialized toward phagocytosis, and 
possessing a marked development of vacuoles in which particulate 
matter is segregated, agglutinated and stored and having a differen- 
tiation of the periphery of the cytoplasm into films that keep the cell 
in motion, while the cell itself has only a slow locomotion. 

With this definition in mind it will be interesting to take up the work 
of Mallory and his school on the ‘endothelial leucocyte,’’ which brings 
us to the question as to whether clasmatocytes differentiate in the adult. 
In 1898 Mallory (33) described the reaction of lymph glands to typhoid 
infection. He first took up the reaction of the follicle proper and then 
the reaction of the sinus. First in regard to the reaction of the follicle 
he says: 


In the lesions to be described, however, the large cells of the reticulum of the 
lymphoid tissue behave in all respects like the endothelial cells of the lymph and 
blood-vessels. This fact might be used as an argument, therefore, in favor of 
their being endothelial rather than connective tissue cells. In the following 
pages these cells will be spoken of as endothelial cells. Under the influence of 
the toxic product of the typhoid bacilli these larger endothelial cells increase in 
number. 


This indicates that Mallory believed that the reticular cells of the 
follicle are normally covered with endothelial cells, and he makes this 
statement still more clearly in his Pathologieal Histology (p. 616). Here 
it must be said that it is not thought by histologists that in normal 
lymph glands there is such a spreading of endothelium over the retic- 
ular cells of the follicle. The follicle consists of a framework of retic- 
ular cells, through which passes a capillary bed; the interstices being 
filled with lymphocytes. Mall gave us a clear picture of the reticular 
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cell; it is a branched cell of the connective tissue which produces a 
specific type of fiber, namely, one which is branched to an extreme 
degree wherein it differs from the unbranched white fibers, but i3 never- 
theless much more closely allied, perhaps identical with the white fiber 
chemically. The reticular cell differs from the fibroblast which produces 
the white fibers and the yellow elastic fibers in being more primitive, 
namely, in that the reticular fibrils remain within the cytoplasm of the 
cell throughout life. Since in the normal follicle there are no endo- 
thelial cells on the reticulum, it may well be questioned whether the 
“endothelioid cells” occurring pathologically in the follicles have arisen 
in situ from reticulum, instead of being clasmatocytes which have 
wandered in. 

The structure of the lymphatic sinus and the splenic pulp does, on the 
other hand, bring out a much more complicated relation between 
endothelium and reticulum. While in the follicle there is normally one 
cell, in the sinus there are two. That cells of the monocyte type become 
free in the sinuses is without doubt, and the question is, can their origin 
be analyzed, can it be shown that they are endothelium or reticulum? 
Embryologically the sinus is a zone where there is a plexus of lymphatic 
capillaries lined by endothelium with bridges of reticulum between, or 
as in the spleen, a plexus of vascular capillaries with reticulum. In the 
development of the sinus, the lymphatic plexus or the vascular capil- 
lary plexus has become so extraordinarily dense, that the bridges between 
adjacent vessels are reduced to single branched reticular cells (59). In 
other words, endothelium is spread over reticulum. Such being the 
development of the sinus, the question comes up as to whether these 
two types of cells, which are present at first, can be discriminated 
throughout life, and this question was ably discussed by Downey at the 
meeting of the American Association of Anatomists in 1915. In dis- 
cussing the sinuses Downey (8) said: 


Even with ordinary methods it is evident that the strands of the reticulum 
are composed of branched, anastomosing cells which are closely associated with 
the fibers. Nothing can be seen of a continuous epithelial covering. Associated 
with these strands, especially where the reticulum forms the wall of a sinus, 
are varying numbers of larger and more rounded protoplasmic cells whose con- 
nection with the fibers of the reticulum is not so evident with ordinary methods. 
Such cells, especially where they project out into the lumen of a sinus, might well 
be mistaken for hypertrophied endothelial cells. However, the use of any one 
of the numerous specific stains for reticular fibers (Krause’s iodo-iodide of potas- 
sium—gold chloride method, the Maresch-Bielschowsky, or the older formula 
of Mallory’s hematoxylin as used by Thomé) shows clearly that these cells are 
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frequently traversed by fibers, and that even the large rounded cells resembling 
large mononuclear leucocytes are frequently attached to the reticulum and have 
fibers embedded in their peripheral portions. These latter cells show great 
phagocytic activity, especially for red corpuscles, and their nuclei are large and 
indented. If these cells were not attached we should not hesitate to pronounce 
them as large mononuclear leucocytes. 


Thus Downey recognized both types of cells clearly but regards them 
as identical on the basis that both of them contain fibrils. In this 
connection it is interesting to remember that Mall demonstrated that 
endothelium can produce reticulum, as in the liver, while Corner has 
shown that this is true also in the corpus luteum of the ovary. Thus 
it may be questioned as to whether the presence of reticular fibers is to 
be considered as an adequate separation of endothelium from reticulum. 
The question is significant in connection with such a specific develop- 
ment of the power of phagocytosis as hasbeen demonstrated as a charac- 
teristic of endothelium dnd its derivatives. It may be accepted that 
these two cells cannot be distinguished in sections of sinuses by histo- 
logical methods. The question then comes up as to whether these 
cells can be separated by experimentalmethods. All of the experiments 
with the injections of particulate matter have brought out that there 
are four special places where certain cells always phagocytize consider- 
able amounts of any injected particles. These places are the capillaries 
of the liver and the veins of the splenic pulp, in both of which areas the 
cells are unquestionably endothelium. The other two places are the 
lymphatic sinuses and the sinuses of splenic pulp and in both of these areas 
the question is complicated by the relation of endothelium to reticulum. 
McJunken (40) has recently made some experiments with the injection 
of carbon particles in the form of India ink. He analyzed first the 
nature of the suspension of carbon particles, reducing the size of the 
particles by filtration. He found that if filtered India ink be mixed 
with sodium citrate, the polymorphonuclear neutrophilic leucocytes 
are inhibited from ingesting the carbon and thus the endothelium of 
the vascular capillaries and the monocytes of the blood can be brought 
out. By passing the same solution through lymph glands by inter- 
stitial injections, he then found that both the endothelium of the sinuses 
and the monocytes coming from them could be distinguished from the 
reticulum, while in the follicle proper, only the vascular capillary endo- 
thelium showed the carbon particles until stained clasmatocytes had 
wandered in. He thus separated the lymphatic endothelium of the 
sinuses from reticulum, and the clasmatocytes of the follicles from 











ORIGIN OF CELLS OF THE BLOOD 59 


lymphocytes. Kiyono (29), on the other hand, finds that with injections 
of other particles, for example, carmine, both the reticulum and the 
endothelium of the sinuses take up the particles but that the endothe- 
lium can be distinguished by the fact that it always takes up a larger 
amount. This is more in line with the general experience in these recent 
experiments in phagocytosis, namely, that the property of phagocytosis 
is a very general characteristic of cells, but that some strains are more 
highly differentiated along this line of taking up particles than others. 
Clasmatocytes take up and store particles to a very marked degree. 
In the case of the endothelium making the wall of a vessel, it must 
always be considered whether the granules are passing through the cells 
or are being stored by them. At any rate, the process of selective phago- 
cytosis does offer a method of showing that the embryonic separation 
of the two types of cells in the sinuses is retained in the adult, the re- 
ticular cells making a framework, the endothelium giving rise to mono- 
cytes. Kiyono however believes that both the reticular cells and the 
endothelium give rise to monocytes (histiocytes). 

Foot (21), using India ink as a specific granule to bring out endo- 
thelium and the cells that are derived from it, finds clumps of cells on 
the surface of the capillaries of the lung under the irritation of tuber- 
culosis, which stand out by their ingestion of carbon particles. From 
this he concludes that clasmatocytes differentiate from endothelium in 
the adult. If it can be conclusively proved for the adult as it has 
been proved for the embryo, that endothelium keeps on giving off 
clasmatocytes in certain areas or can be made to do so by certain stimuli, 
it will be of great significance in pathology. McJunkin’s experiment 
has the further significance of showing that the endothelium of the lym- 
phatic sinuses reacts like vascular endothelium which is in line with the 
theory that the lymphatic system is a part of the venous system, its 
lining cells having the same fundamental origin from the angioblast 
atem as a differentiated cell, rather than coming from the flattening 
out of mesenchyme cells to line spaces. 

Thus the studies of Mallory and his school on the “endothelial 
leucocyte”? which could now better be called the “endothelial mono- 
cyte’’ all center around the very important question as to whether new 
clasmatocytes differentiate from endothelium in the adult under normal 
conditions or can be made to by abnormal stimuli. It seems to me 
likely that this will ultimately be proved conclusively. 

That endothelium in the adult gives rise to the monocytes of the 
blood stream in certain places seems adequately proved. Thus mono- 
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cytes can be found so readily and in such numbers in the veins of 
the splenic pulp that monocytes have been called splenocytes (56, 
plate I). McJunkin and Kiyono have shown that the sinuses, both 
lymphatic and vascular, also contribute, and Aschoff thinks that the 
large number of monocytes found in the veins of the extremities shows 
that the same cells get free in bone marrow. 

It will now be interesting to sum up the history and to show the very 
wide range of studies which have been necessary to bring out the great 
group of the histiocytes and to show that the monocytes of the blood 
and the clasmatocytes are identical cells, histiocytes. The cell-type 
was first brought out by Maximow by its specific response to injury 
and then by its reaction to vital neutral red; then the studies of Bouffard, 
Goldmann, Evans and Schulemann and many others have brought out 
the fact of the power of these cells to phagocytize, segregate and store 
particulate matter. Evans then made the final differentiation of the 
clasmatocyte from the fibroblast, while Cunningham has conclusively 
separated it from the serosal cell. ‘The next step came in the doctrine 
of the origin of blood cells from endothelium by Mallory, by Schridde 
(64) and Schmidt (63). Then Aschoff and Kiyono showed that the 
monocyte in the blood stream has an identical reaction toward partic- 
ulate matter (65), that the reaction to neutral red was the same. 
Aschoff, Kiyono, McJunkin and others have shown that the endothe- 
lium of the adult both lymphatic and vascular can in certain specific 
places give off monocytes, and now it has been conclusively proved 
embryologically that the type of the white cell that comes from endo- 
thelium is the monocyte, which is identical with the clasmatocyte. 
Both cells have been seen by the writer in a living embryonic form to 
differentiate from endothelium and to become free, the monocytes 
dropping off within the vessels, the clasmatocytes outside; but the 
cells are interchangeable afterwards, for the clasmatocytes have been 
seen to enter the vessel and the monocytes may pass out. The entire 
group has a very characteristic type of motion due to a differentiation 
of the periphery of the cell which keeps the surrounding fluid in motion 
while the cell itself has but a very slow grade of locomotion. 

Origin of granulocyte. The origin of the granulocytes can also be made 
out on the third day of incubation. As shown by Danchakoff (6) the 
granulocyte, the forerunner of the leucocytes, is always an extra-vas- 
cular cell. It appears from the mesoderm and lies near a vessel and at 
first cannot be told from a single angioblast. It has the same dense 
azurophilic cytoplasm. As soon as it has once divided however it can 
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be differentiated because the two granulocytes separate, while two an- 
gioblasts remain together. In the living specimen or in the fixed blasto- 
derm this can be made out as it cannot be made out in sections because in 
the total blastoderm every cell of an area can be seen which gives this 
type of material an enormous advantage over sections. The nucleus 
then becomes eccentric and the centrosome is made very obvious by the 
development of a crescent of very fine uniform granules, also stainable 
in very dilute neutral red. These cells then move toward the vessel, 
often line up in a row in order to enter. They enter the vessels half 
way between the nuclei of the endothelial cells which means that they 
push their way between the cells. They make the wall bulge in and 
once I have seen the edges of the endothelial cells separate. They move 
very slowly, but it is a real locomotion, not the movement in one place 
of the clasmatocyte. There is no active amoeboid motion of these 
cells at this stage, meaning a typical amoeboid locomotion associated 
with a fluid state of the cytoplasm as shown by active flowing and 
streaming of granules within the cell. During the third day the gran- 
ules of these cells are always still and always in a definite crescent around 
the centrosome. Thus the granules of the endothelial cell that stain 
with neutral red are larger and are scattered throughout the cell, the 
granules of the erythroblasts are arranged around the nucleus while the 
granules of the young granulocytes are arranged around the centrosome. 
It may be possible subsequently to show that the substance which 
stains with neutral red in endothelium is not present in primitive granu- 
locytes. That is, it is possible that a further study with vital dyes may 
differentiate the original angioblasts from the granulocytes. The early 
granulocytes are all pseudo-eosinophiles, that is, they have fine granules. 
The eosinophiles with the granules in the shape of rods, so characteristic 
of the chick, develop a little later; I have not found any on the third 
day and but few during the first seven days. There are no cells to be 
made out with the basophilic granulation or mast cells and Maximow 
has found that they develop late in mammals. 

From these observations it seems it seems fair to say that no cell 
has as yet been identified as a common stem cell for the angioblast and 
the granuloblast. Indeed it has been the contribution of Naegeli 
throughout to show that there is no adequate proof that the primitive 
form of each type of blood cell is to be identified as a common stem for 
all. The only proof which would be adequate of a common hemoblastic 
stem would be an experiment in which the stem cells in an area where 
they all become angioblasts normally, should be made to become 
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granulocytes, as for example if the single basophilic cells of the area 
pellucida of the chick of the second day which normally make 
syncytia of angioblasts could be forced to make granulocytes. This 
is not beyond the range of possibility as, for example, Murphy (48) 
found that the injection of splenic tissue into a chick stimulated a 
very marked formation of blood cells in the allantois and in the diffuse 
connective tissues of the embryo far beyond the normal limits. 
Thus a connective tissue of the embryo which does not normally do 
so can be made to differentiate into blood cells. This experiment he 
suggested to Madame Danchakoff and she has been utilizing it in 
recent studies (7). 

Weidenreich (67) has given an extensive study of the granulocytes 
paying especial attention to the forms of the nuclei; he has shown that 
the three types of granular cells have characteristic nuclei. The neu- 
trophilic leucocytes have nuclei with small lobes, often five in number, 
while the nuclei of the eosinophilic leucocytes rarely have more than 
two lobes. The mast leucocyte he has proved to be a dying cell without 
a centrosome, and with irregularly staining granules. In all of the 
chick blastoderms there are afew dying blood cells with fragmented 
nuclei but they are always easy to distinguish. 

Lymphocytes. In the study of the living blastoderms up to the 
seventh day, which is as far as I have yet carried the work, I have not 
seen any evidence of a formation of the lymphocyte in the yolk sac. 
Further studies may bring this cell out, or it may be that the lympho- 
cytes form only within the embryo itself. The lymphocyte appears in 
the circulating blood on the fifth day, in its smallest form; an occasional 
one may occur on the fourth day. In the living state it has a nucleus 
with a sharper nuclear membrane than any other cell. Thisis a difficult 
criterion to use since all nuclei become distinct as the cells die. It has 
a small amount of cytoplasm and a few azur granules. Lymphocytes 
are readily killed by too strong a dose of the dye; the granules do not 
stain readily in neutral red but may be made to by increasing the amount 
of the dye. In the stained blood smears, the lymphocytes are easily 
distinguishable by their characteristic nuclei and the fact that they 
are all at first small lymphocytes. Their origin in the embryo needs 
much further study, but from their late appearance as a specific cell 
type it seems to me that they should not be identified as a stem cell. 
In the general use of the term “lymphocyte”’ or ‘lymphoidocyte”’ as 
a stem cell, it has been, however, more commonly the large 
mononuclear form or monocyte so identified rather than the small 
lymphocyte. 
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For the adult, it is well recognized that this cell occurs in follicles in 
lymph glands and spleen, where it probably comes from the reticular 
cell, and it is swept into the blood stream in the lymphatic sinuses and 
the splenic pulp. Thus our knowledge of this cell in the adult stresses 
that it is a cell of extra-vascular origin. The stem cell of the lympho- 
cytes is far from adequately known. It needs study both in the 
embryo and in smears of living cells from adult lymph glands. 

The lymphocyte has been distinguished as a specific functional 
group by Murphy and his school (46), (47), (48), (49), (50). The 
lymphocyte group is more sensitive to x-rays and to radium than other 
normal cells. With a certain dose it is the first normal cell injured, 
with a less dose it is stimulated. Murphy has demonstrated a specific 
relation of lymphocytes to immunity toward tumors in the chick, by 
showing that before there is any great mass of lymphocytes, that is, on 
the eighteenth day when they form in large numbers in the spleen, 
chicks are susceptible to tumors to which hens are immune. Thenhe 
has killed the lymphocytes of the hen by x-rays and produced suscep- 
tibility to the tumor. These studies are still being carried on by 
Murphy and are one of the very valuable contributions of modern 
medicine. 

The entire absence of autolytic and peptic ferments in the lympho- 
cytes separates them from both leucocytes and from monocytes. 


CONCLUSIONS 


In stressing the value of embryology as a part of the newer form of 
the experimental work on blood we may call attention to this advantage, 
that each cell as it first differentiates is specific, for example, the ery- 
throblast of the second to the fourth day with its rosette of granulations 
arranged with reference to the nuclei. The erythroblasts have how- 
ever a long period of maturation before they become the red blood 
corpuscles of the adult stage. The clasmatocytes and identical mono- 
cytes on the third day have a characteristic segregation apparatus, and 
peculiar type of motion; the granulocyte on the third day has its specific 
type of granulation, chemotactic response and characteristic arrange- 
ment of the granulation to the centrosome, and finally the small lym- 
phocyte on the fifth day has its peculiar nucleus. That subsequently, 
when all these types of cells are dividing, it becomes difficult to distin- 
guish all the young cells, the whole history of hematology attests and 
I doubt if every type of cell in adult bone marrow can be identified 
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before completion of the study of developing blood in the entire cycle 
of the embryo with vital methods has been accomplished, especially 
studying the cells just after division. 

It is ‘now possible to suggest as a working basis for further study, 
that there are.three strains of cells of the connective tissues which 
contribute to the blood cells. All of these strains give more cells to 
the connective tissues than to the blood. They are the angioblasts which 
give the endothelium, the erythrocytes and the monocytes; of these the 
red corpuscles are all intra-vascular unless the extra-vascular origin of 
red cells in bone marrow of mammals proves correct. The red cells 
have a specific granulation which can be stained vitally and is arranged 
around the nucleus. The monocyte stem is largely extra-vascular, 
in small part intra-vascular, giving the histiocytes which are the mono- 
cytes of the blood and the clasmatocytes of the connective tissues. 
They have developed along the line of the phagocytic power of their 
parent cell, endothelium, and are especially differentiated to take up 
and store particulate matter. It has, I think, become clear that cer- 
tain endothelial cells, like the Kupffer cell of the liver, which isaspecial- 
ized endothelial cell within the capillaries of the liver anchored out 
into the blood stream by guy ropes of cytoplasm, and the endothelial 
cells of the veins of the splenic pulp as well as the endothelium of the 
splenic sinuses have the maximum power of phagocytosis and that they 
clear the blood stream of foreign particles within a very few minutes. 
Such foreign particles are constantly excreted by the kidneys but if 
more particles are introduced than the kidney cells can excrete for the 
time being, the clasmatocytes of the connective tissues take up the dye, 
store it and eventually give it back for excretion. It is obvious that 
the amount of dye in the experimental procedures is very far in excess 
of any usual amount of foreign material to be found in an organism; 
moreover the substances used in the experiments are all insoluble. 
These same cells take up red blood cells and cell débris. How extensive 
their function and how related to normal metabolism in the taking up 
of substances which they can dissolve is not known. Shipley (64a) 
regards their vacuoles as organs of digestion. 

The second strain is the granulocyte. These cells, certainly the 
neutrophilic leucocytes, are also phagocytic but they are developed 
especially along the line of a true amoeboid type of motion with fluidity 
of the cytoplasm and marked flowing of the granulations associated with 
great speed of locomotion. They develop specific types of granules 
which are at first very definitely arranged in a crescent around the 
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centrosome. They are specifically sensitive to certain chemicals, that 
is to say, they have a high degree of chemotaxis. The small amount of 
knowledge we have of these cells seems to verify Ehrlich’s theory that 
their functions are related to their specific granules, since it has been 
shown that the neutrophilic leucocyte has a proteolytic action prob- 
ably brought out when the granules are set free from the cell. Thus 
pus from neutrophilic leucocytes becomes fluid. The neutrophilic 
leucocytic cell responds to certain known stimuli such as the pyogenic 
bacteria or their toxins, the eosinophilic to certain others such as those 
produced by parasites. The mast cells are the least understood and 
are granulocytes which develop late and remain extra-vascular, since 
the mast cells of the blood have been shown by Weidenreich to be 
degenerating cells and not true mast cells. Mast cells occur in the 
bone marrow, along blood vessels and between muscle fibers; their fune- 
tion is totally unknown. 

The third strain is the lymphocyte which is the last to develop and 
is exceedingly widely distributed. It occurs in lymph glands, hemal 
glands and spleen, that is, in a reticulum near lymphatic or vascular 
sinuses by means of which it enters the blood stream. It also occurs in 
small follicles near lymphatic capillaries and ducts or even in small 
clumps without such relation very widely distributed throughout the 
organs and in bone marrow as well. Thus it may occur wherever there 
is reticulum. In fact it makes the third great stem of the diffuse con- 
nective tissue cells, which are clasmatocytes, fibroblasts and small 
round cells or lymphocytes. 

Thus the separation of these three strains of white blood cells by the 
embryological method seems to correspond with functional groups as far 
as they are yet vaguely known, the leucocytes being highly amoeboid 
types, with specialized chemotactic responses and functions probably 
related to their granulations, the monocyte stem with its specialized 
powers of phagocytosis and the lymphocytes with their marked sen- 
sitivity to x-rays and their relation to certain forms of immunity. 

The sharp separation of the blood-forming organs into two groups, 
bone marrow and lymph glands, as Ehrlich thought, has not been borne 
out. In the first place, blood is not so sharply separated from the 
connective tissues in general. In the embryo the origin of blood from 
the connective tissues is very widespread and can be made much more 
so by certain experimental stimuli. In the adult the location of the 
differentiation of blood cells is much more restricted. Two cells are 
necessary, reticulum and endothelium. The reticular cell in its rela- 
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tion to blood needs much more study. Under normal conditions the 
origin of the red cells is restricted to the bone marrow, the origin of the 
histiocytes of the blood takes place certainly from endothelium in 
certain special areas in the adult. How much the differentiation of 
new clasmatocytes goes on normally in the adult or how much it can 
be stimulated, is not yet clear. The origin of granulocytes cannot be 
regarded as retricted to the bone marrow when one considers the 
eosinophiles and the still more widely distributed mast cells. Lympho- 
cytes arise in the bone marrow as well as in all so called lymphoid 
tissue. 


The study of the blood at the present time has passed beyond the 
morphological stage and is a part of the development of modern experi- 


mental cytology. In this study the anatomist, the physiologist and the 
pathologist meet on common ground. 
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The following review of the present status of our knowledge of arterio- 
sclerosis was attempted unwillingly for it must be apparent to all that 
most of the extensive literature upon this subject consists of reviews. 
These are based upon the few papers which represent real study of the 
anatomical and functional changes, so that apart from the conflict- 
ing results of these few investigators one is impressed by the feeling 
that most of what is written has only the value of opinion and that 
we are extraordinarily ignorant with respect to this common affection. 
Diametrically opposite views are put forward as to the causes, the 
anatomical nature and effects of arteriosclerosis, many names of dif- 
ferent significance are proposed for it and withal there has been no 
unanimity of opinion as to what should be included under this heading 
and what excluded. 

For the purposes of this review I shall use the term arteriosclerosis 
rather than atheroma, endarteritis deformans, atherosclerosis or any 
of the other terms already proposed, simply because it is the most 
familiar and best established and because it expresses accurately enough 
our very inaccurate knowledge of the condition. 

For the purposes of this review we must exclude from consideration 
syphilitic aortitis and arteritis, distinctly infectious processes in the 
arteries caused by other organisms such as the tubercle bacillus and the 
unknown cause of periarteritis nodosa, traumatic and toxic injuries 
leading to thrombosis and healing processes in the vessels, and perhaps 
with less justification, all the forms of obliterating endarteritis which 
cause the occlusion of the vessels of the extremities and of organs. 

Arteriosclerosis remaining for consideration here is an affection 
of the arteries whose cause is not yet clearly known. It is characterized 
by constant anatomical changes of which the most conspicuous is 
a thickening of the intima accompanied by fat deposits. Changes in 
the muscular tissue of the media and in the elastic tissue are sometimes 
extreme but often very inconspicuous. These changes indicate a 
deterioration in the functional capacity of the walls and are followed 
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by necrosis, calcification, ete., which are secondary changes but which 
generally constitute the most obvious alteration in the diseased vessel 
wall. 

Marchand sums up arteriosclerosis in its wider sense as all those 
changes of the arteries which lead to a thickening of the wall, especially 
of the intima, in whose development degenerative changes (fatty de- 
generation with its results) sclerosis and calcification (including cal- 
cification of the media) arise together with inflammatory and produc- 
tive processes. 

It must be remembered, however, that while all students of arterio- 
sclerosis recognize the occurrence of lesions in the various coats and 
tissues of the vessel they are far from unanimous in their conceptions 
of the order in which these arise and of the relations which they bear to 
one another. For some the lesions of the media are primary, those of 
the intima secondary or compensatory—for others the reverse is true. 
Equally discordant opinions are expressed as to the disturbances of 
function which result from or are the causes of these changes. The 
time is ripe for a searching new study of the whole matter, but little 
can be expected from a review. 

Nevertheless, the available material may be considered under three 
heads: 

1. The anatomical changes in the vascular system. 

2. The associated functional disturbances. 

3. Etiology. 

1. The anatomical changes in the arteries. The current descriptions 
of the histological structure of the arteries leave much to be desired 
(Renault, K6lliker, Ebner, Griinstein, Klotz) but in so far as this con- 
cerns the arrangement of the musculature and elastic tissue it is due, 
as v. Ebner points out, chiefly to the great variability of structure in 
different parts of the arterial tree. Not only are there constant dif- 
ferences among the arteries but the structure of the wall at the same 
point in a given artery may vary in different individuals. It is 
with regard to the minuter structure of the intima, however, that most 
uncertainty persists. 

In general the aorta and those trunks which developed in the bran- 
chial arches maintain a lamellar arrangement of the elastic tissue in 
the media while such arteries as the coeliac axis, the superior and in- 
ferior mesenterics, renal arteries, common iliacs and femorals present a 
media composed essentially of smooth muscle with a cobweb-like ar- 
rangement of delicate elastic fibrils which run in all directions, while 
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the denser elastic tissue is relegated to the adventitia. The popliteal 
and tibial arteries are said to be exceptions to this rule but this is not 
true, and while the brachial arteries for some distance show lamellated 
elastic tissue in the media, the more peripheral parts of the arteries of 
the arm have the structure of those of the leg. This lamellated struc- 
ture of the media is also found for a short way in the proximal parts 
of the intercostal arteries and exquisitely developed in the pulmonary 
artery. 

Longitudinal tangential section of such a vessel with lamellated 
elastica in the media shows very plainly the flat spiral arrangement of 
the smooth muscle fibers which alternate their direction in successive 
layers so that in the section they appear to take a herring-bone arrange- 
ment. The laminae are supplemented by numerous fibrils of elastic 
tissue which accompany the muscle fibers. Tangential sections through 
the media of vessels which have no lamellated elastica show no such 
rapid alternation in the direction of the muscle fibers. In them (renal) 
there are sometimes bundles of longitudinal muscle fibers outside the 
media accompanied by the longitudinal elastic fibers of the adventitia. 

The elastic tissue of the adventitia is chiefly represented by longi- 
tudinally placed fibrils which take a steep spiral direction but in such 
vessels as the superior mesenteric and coeliac axis there is generally 
a quantity of elastic tissue coursing in a circular direction as though 
pushed out from the media. An external elastic lamella is described 
in many vessels but it is usually not a distinct lamella but only the 
last lamella of the media or the innermost elastic layer of the adventi- 
tia. The development of adventitia varies greatly in different tracts 
of the vascular tree. It is important in carrying the vasa vasorum 
but little attention has been devoted to it otherwise in the considera- 
tion of arteriosclerosis. Longitudinal muscle bundles are sometimes 
a very prominent constituent. 

In general the intimal coat has been the center of interest. There is 
no difference of opinion as to the constant endothelial lining except 
that some early authors attempted to show the origin of the connective 
tissue layers from these cells, an idea easily dismissed by Marchand. 
The tissues outside the endothelial layer and within the media have 
been discussed by Langhans, Kolliker, Ebner, Eberth, Ranvier, Key 
Aberg, Jores and many others, and a fair unanimity of opinion arrived 
at, although much of the earlier work was done in the lack of all the 
more recent staining methods. Key Aberg described the internal 
elastic lamina with its associated longitudinal smooth muscle fibers 
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and the innermost layer of a tissue more difficult to interpret. This is 
composed of a finely fibrillar or granular ground substance in which 
lie the cells first clearly described by Langhans although pictured also 
by Virchow. These are much branched cells, sometimes very large 
and stretching far and wide their long processes which, like the rest of 
the cell body, often contain granules which are probably fatty. He 
distended with an asphalt-chloroform injection mass a network of 
canaliculi which correspond fairly well with the outlines of these cells. 
Similar canaliculi could be injected in the media but in both cases his 
drawings remind one of the artificial spaces which can be formed in a 
similar way in the cornea and scarcely suggest preformed spaces. In 
several attempts I have so far not succeeded in injecting india ink into 
any spaces in the thickened intima of a sclerotic aorta but once air 
was driven into the tissue so as to distend a network of tiny spaces. 

Jores devoted a great deal of space to the consideration of the his- 
tology of the intima of the aorta and recognized a musculo-elastic 
layer (Thoma) composed of a thin outer and a thicker inner layer of 
elastic tissue between which were the longitudinal muscle fibers. In- 
side this he describes a fibro-elastic layer in which laminae or fibers of 
elastic tissue derived from the internal elastica are interspersed with 
connective tissue elements. Still nearer the lumen is a layer of almost 
pure connective tissue. 

In my own observations the variation in the structure of the intima 
is so great in different vessels that any single description seems con- 
ventional. It is true that at the inner margin of the media one can 
generally distinguish a musculo-elastic layer which is composed in its 
most typical form of an outer single smooth lamina of elastic tissue, 
a layer of longitudinal muscle fibers and an inner layer of elastic tissue, 
less simple than the outer and clearly made up of a network of fibers 
or laminae. There must be a chemical difference between these two 
elastic structures for the outer stains red when the inner fibers are 
blue, or brownish-red when they are purple. The inner layer is often in 
immediate contact with the endothelium in smaller vessels. It is not 
a single lamella as a rule, although it may appear so in places, but 
tends to split up into a whole series of lamellae or rows of fibers. Jores’ 
emphasis of this as a hyperplastic or hypertrophic process seems 
labored when it is so generally present and it is so difficult to find any 
part of any artery in which it forms a single lamella. Other finer elas- 
tic fibrils spread away into the innermost layers of the intima. There 
seems to be no pure connective tissue layer on this account and in 
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any case the differential stains do not bring out much connective tissue 
in characteristic form in the intima. In a section stained by Van 
Gieson’s method the intima has a vague purplish color in great contrast 
with the sharp red of the adventitia. The cells are extremely incon- 
spicuous until arteriosclerotic changes arise. Under those conditions 
they can be described in detail later. Such cells as are seen in the 
normal intima have the appearance of smooth muscle and are often 
seen to be continuous with the smooth muscle of the musculoelastic 
layer. However, this is a point left unsettled by Langhans, Key Aberg 
and all the others. The tendency is to regard these branching cells as 
of connective tissue origin although it is impossible to decide on mor- 
phological grounds alone. It is, however, evident that the elements 
of the internal elastic lamella offer no obstacle to the extension or 
growth of tissue from the underlying media into the region of the intima 
and it seems unnecessary to ascribe the origin of all tissue found in the 
thickened intima in arteriosclerosis to the cells of the intima itself. In- 
deed, cells appear there which could hardly have originated in the intima. 
On such a basis of normal anatomy the descriptions of arteriosclerosis 
have been constructed. It is possible to pass over the early descrip- 
tions of Rokitansky and Virchow and even those of Koester, who ap- 
pears to have described the mesarteritis of syphilis. Nevertheless, 
we shall have to recur to Koester’s ideas of the part played by the vasa 
vasorum. Marchand, Ribbert, Reich, Thoma and others have opposed 
him on the ground that arteriosclerosis is not an inflammatory process 
in the precise sense of the word but rather, as Marchand said, a nutri- 
tive disturbance of the vessel wall followed by sclerosis and degeneration. 
Thoma has made himself conspicuous by his long campaign in favor 
of a mechanical origin of the condition. His theories are hardly gener- 
ally accepted now but there are some adherents. In principle he thinks 
the whole process dependent upon a localized or more widespread weak- 
ening of the muscular media which bulges outward, thus bringing about 
a slowing of the blood stream in the widened area. This, by some 
means not clearly explained, leads to a new formation of tissue on the 
part of the intima, sufficient to fill up level the depression produced 
by the bulging of the media. When the artery is laid open this patch 
of fibrous tissue is thrown into relief by the turning outward of the 
elastic wall—but if the artery be injected with paraffin at the blood 
pressure, the cast on cooling will show a smooth wall. 
Every point in Thoma’s argument has been pretty surely demolished 
by his critics. The weakening of the media is not obvious until a 
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late stage is reached and then it may well be the effect of the dense 
plaque of tissue lying upon it. There is no cogent reason to believe 
that a slight dilatation would be compensated by the new formation of 
tissue. If it were, it ought to be formed as in the case of the granula- 
tion tissue which replaces the stagnant column in a ligated vessel. In 
that case the mode of development of elastic tissue should be Jores’ 
regenerative type and there is difficulty in understanding the colossal 
amounts of fat which are lodged inthe tissuefrom the beginning. Thoma 
begins with the scholastic argument that in the aorta of the embryo 
there is no connective tissue intima and that it is the closure of the 
ductus Botalli and the umbilical arteries that brings about a change 
in pressure in this portion of the circulation which thus becomes too 
wide and must be adapted by new formation of connective tissue in 
the intima. This is the same principle which he uses in explaining 
arteriosclerosis when he claims that a slowing of the stream from local 
dilatation produces a compensatory thickening and releveling of the wall. 
Jores writes at very great length on what is represented as a totally 
new attitude toward arteriosclerosis which consists in distinguishing 
at first in smaller and then in larger vessels between two modes of 
formation of new elastic tissue in the intima. Jores’ earlier studies had 
shown that elastic tissue in the form of very fine fibrils could be formed 
afresh in new connective tissue. This process he recognizes now in the 
tissue which arises in the organization of a thrombus in a vessel or in that 
which brings about the obliteration of a small artery. He names it 
the regenerative form of connective tissue growth of the intima and 
contrasts it with another which he calls hyperplastic thickening of the 
intima. The latter consists in the appearance of many lamellae or 
filaments of elastic tissue within the internal elastic lamella which he 
thinks are split off from the original lamella. He admits that much 
of this is obvious under physiological conditions but that it becomes 
emphasized and is the predominant character of the pathological thicken- 
ing of the intima. 
Of course, the occurrence of these two forms or states of division 
of elastic tissue is true but it seems to throw no light on arteriosclerosis 
to distinguish them, for one is a characteristic of the formation of new 
actively growing tissue, the other is formed normally and is only made 
more conspicuous by the separation of the fibrils or lamellae by the 
increase of other tissue in the arteriosclerotie plaque. 

it seems difficult for Jores to bring himself to make the statement 
that this is an abnormal condition and he contents himself with say- 
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ing that it is a departure from the physiological state. All the rest 
of his suggestions about the effects of high blood pressure in augment- 
ing this and the effects of strains which bear upon the longitudinal 
muscle seems pure speculation. He does, however, recognize the 
fact that degenerative changes with the accumulation of fat assume a 
primary place in the development of arteriosclerosis. 

Voigts, in his dissertation, set the matter of the distribution of elastic 
tissue and connective tissue in the intima in a clearer light and showed, 
as described above, that the elastic fibers inside the musculo-elastic 
layer are abundant and form ‘no definite lamellae but only networks. 
Jores had shown that fine fat droplets adhere to the elastic tissue of 
the intima except the actual internal elastic lamella and also involve 
the media. This is readily seen in any frozen section from a sclerotic 
vessel stained with Sudan. A fine and diffuse red brown staining is 
found in patches in the media and in the intima, but while the wavy 
lamella which forms tle outer limit of the musculo-elastic layer is 
unaffected, the palisade-like row of fibers which forms its inner limit 
is finely strewn with red globules. Torhorst thinks this is not a de- 
position of fat in the elastica itself but rather in the interstitial sup- 
porting substance. 

Disintegration of the elastica has been described by Manchot and 
others. Dmitrijeff describes degeneration and disappearance of fibers 
and new formation of elastic tissue in the course of arteriosclerosis. 
Matusewicz also describes and illustrates the more isolated calcifica- 
tion of portions of the elastica in the arterial wall and McMeans dis- 
cusses in great detail the degenerative processes in the elastica asso- 
ciated with splitting and breaking of the fibers. 

Such theories as that of Thoma which ascribe the sclerotic changes 
to localized dilatation through weakening of the media, must refer 
this weakening to the smooth muscle or to the elastic tissue of that 
wall but definite observations of alterations in either of these tissues 
except in late stages of the disease are hardly to be recognized. It is 
of course true that under thick degenerated sclerotic patches one ordi- 
narily finds the media stretched thin with perfectly straight and rigid 
looking elastic lamellae and very much attenuated muscle fibers all 
pressed together into a mass whose details are indistinct. In earlier 
stages it is possible to find many breaks in the elastic lamellae but it 
is difficult to avoid the idea that these may be due to artefact in mak- 
ing the section—nevertheless, in many cases on tracing the homogene- 
ous wavy elastic lamella that bounds the musculo-elastic layer toward 
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the media (the true internal elastic lamella) breaks are found which 
cannot be due to artefact for from the separated blunt ends of the broken 
lamella there spring delicate elastic fibrils which bridge the gap. De- 
structive changes in the muscle of the media are rather more definite 
when they are found in a section in which the elastic tissue is stained 
for they then appear as patches filled up by many collapsed elastic 
lamellae between which no traces of muscle remain. The granular 
degeneration of elastic fibers described by Jores, Weiszman and Neu- 
man, is regarded by Voigts as not an abnormal condition. 

Ribbert expresses the idea that inasmuch as some areas of the best 
arterial wall may be weak and easily bulged out by a high blood pres- 
sure, it might readily follow that the corresponding area of intima be- 
comes stretched over this so that its meshes are laid open and soon 
filled with plasma pressed in from the blood stream. This might 
account for the hyaline edematous appearance of the plaques thus 
formed and perhaps also for the advent of fat which is so uniformly 
present. Nothing in this idea seems plausible for it is difficult to 
imagine such a power of resistance in the intima, and further difficult 
to understand why it does not protect the underlying media from the 
distending force. The imbibition of blood fluid which may well occur 
could hardly give rise to all the extraordinary new tissue which forms 
the plaque and which, if we may believe Reich’s statements, is not neces- 
sarily formed in the dell of an area of stretched out media since he 
finds the internal elastic lamella fixed in corrugated form between the 
plaque and the media while the normal elastic lamella stretches out 
smooth when the artery is distended. 

Alb. Aschoff and also L. Aschoff trace in detail the gradual develop- 
ment of the intima with its increasing elastic tissue from early youth 
to mature age. After this there is a period of quiesence which is then 
followed by another period of advancing senility in which no more 
elastic tissue is formed but much new connective tissue. This leads 
the latter to the view that the loss of elasticity is the basis upon which 
a compensatory strengthening by the formation of new connective 
tissue occurs, an idea which is not very different from Thoma’s. Klotz, 
too, in a long and careful paper upon the importance of medial altera- 
tions, concludes that sclerosis of the vessels is largely dependent upon 
disease of the media brought about by infections, poisons, work or 
old age. 

The discussions of the actual anatomical changes in arteriosclerosis 
have brought forth little that is new. Interest centers especially in 
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the intima although Thoma and his students, Klotz and others, con- 
scientiously search for primary alterations in the media. Aside from 
the extensive changes in the media of the peripheral vessels which are 
quickly followed by calcification or bone formation and scarring with 
changes in the intima which may be comparatively insignificant or which 
may have the character of an obliterating endarteritis, the media in 
the aorta and visceral arteries seems relatively little changed in com- 
parison with the extent of the internal alterations. Such changes as 
there are may be recognized by measurement of the thickness of the 
media or by the finding of actual degeneration and disintegration in 
the muscle and elastica beneath the plaque, always suggesting that 
they may be secondary to the presence of the plaque, as easily as its 
cause. Little attention has been devoted to the adventitia but Klotz 
and Adami point out that this coat too is sometimes thickened opposite 
an arteriosclerotic plaque. I have seen this also but it is so irregular 
and the tissue so loose that it is hard to believe that it really affords 
protection to that area. 

In the intima Klotz has studied especially the fatty streaks which 
are so familiar and which he and many others describe as occurring in 
the same distribution as the earliest arteriosclerotic lesions in the aorta. 
This I think is not true for the yellow flecks as a rule form an almost 
continuous line along the dorsal intima of the aorta and circling round 
the innominate or carotid while the actual sclerotic plaques are quite 
irregularly placed, often, however, surrounding the orifices of the in- 
tercostal arteries. These fatty flecks have been thought by many to 
be the transient effects of infection or intoxication, disappearing after 
convalescence. This is of course difficult to prove but it seems plausible. 
Klotz has described them minutely showing that the fat, some of 
it anisotropic, is accumulated in cells resembling lutein cells which 
Anitschkoff calls cholesterin phagocytes, and also in other larger branch- 
ing connective tissue cells. The greater part is apparently taken up 
by the cells of the first order which are round cells with abundant pro- 
toplasm loaded with oil globules, and a small deeply stained nucleus. 
They are clustered loosely in clefts in the superficial intimal tissue. 
The branched cells which contain fat are marked out to their distant 
branches by the fine globules. 

There is no sharp line to divide this earliest condition from later 
stages in which there is associated with these fat accumulations a con- 
siderable new formation of tissue including elastic tissue fibrils. The 
later anatomical changes seem to consist in further accumulations of 
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fat, in the multiplication of connective tissue cells and to a slight de- 
gree of fine elastic fibrils, in the appearance of much new hyaline fibrous 
tissue with a great deal of material which microscopically has the ap- 
pearance of coagulated fluid. Necrosis and disintegration of the tis- 
sue about the fat occurs and as the fat has by this time spread into the 
musculo-elastic layer and even into the media these tissues tend to be 
involved in the disintegration. But below the accumulation of fat 
and more especially above it, the newly formed tissue becomes dense 
and pearly so that the fat may not be visible through the plaque thus 
formed. The later alterations which result from the decomposition 
of the fats, glycerin and cholesterin esters and lecithids, are well known. 
Cholesterin crystals appear in the formless mass and calcium is de- 
posited in the form of carbonates and phosphates. Klotz has explained 
this as the result of the formation of calcium soaps and their later 
decomposition with the production of calcium phosphates and car- 
bonates but Baldauf and Wells object to this theory on the ground that 
they can isolate no calcium soaps from sclerotic arteries. It seems a 
plausible idea, however, and the soap stage must at best be very 
evanescent. 

The dense pearly tissue which forms the plaque over (and under) 
the necrotic mass (atheromatous material) in which the fat lies is in- 
teresting on account of its microscopic characters. It does not give 
very clearly the reactions for connective tissue with Van. Gieson’s stain 
nor with Mallory’s aniline blue. The bands of material of which it 
is composed are hyaline and do not look like connective tissue. There 
are peculiar long branching tubules with dense refractive walls which 
with the intervening and differently staining hyaline material make 
up the mass. In each of these is an elongated cell probably the branch- 
ing cells described by Langhans and Key Aberg. It seems most reason- 
able to regard these as connective tissue cells but their nature is by no 
means certain. 

Although Klotz and many others draw a distinction between the 
arteriosclerosis of the small vessels and that of the aorta, it seems that 
exactly the same changes are to be found throughout. If they refer 
to the Ménckeberg type of medial sclerosis, the distinction is plain, 
but it seems that the arteriosclerotic changes which occur in the aorta 
are also in most cases to be found in the peripheral vessels. 

The associated functional disturbances. Under this heading we should 
consider the distribution of the diseased condition of the arterial walls, 
the effects upon the circulation and the heart, and the effects upon the 
tissues supplied by the altered arteries. 
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Most authors (Stengel, Brooks, Ortner, Perutz, Goldscheider and 
many others) lay stress on the localized occurrence of arteriosclerosis 
in certain areas leading to the production of symptoms which may be 
ascribed to the condition of the circulation in those vessels. Doubt- 
less if this is true at all it may be true of many organs but emphasis is 
laid upon the existence of localized sclerosis of the arteries of the brain, 
of the heart, the kidneys and of the intestinal tract. In the case of 
the brain, aside from actual hemorrhage from ruptured arteries, tran- 
sient losses of function are often ascribed to a spasm of the arteries or 
to temporary inadequacy of the blood supply on account of the nar- 
rowing of the arteries. There seems to be no convincing proof of the 
occurrence of a spasm which might produce such a cessation of func- 
tion and even when there are obvious encroachments upon the lumen 
in the arteries the explanation of a temporary lapse is difficult. The 
whole subject of angina pectoris which is associated with sclerosis of 
the coronary arteries is too extensive to consider here. There as in the 
case of the crises of pain which sometimes accompany arteriosclerosis 
of the mesenteric vessels, opinion varies as to whether pain is due to a 
cramp of the vessel walls or to the sudden ischemia produced by such 
narrowing. 

With regard to localized arteriosclerosis of the branches of the renal 
arteries, there is a great literature and recently (Lohlein) even a further 
localization in the arterioles of the glomeruli is held responsible for 
many of the disturbances infunction. Jores finds that sclerotic changes 
with hyperplasia of the internal elastica are not present in all cases of 
contracted kidney in chronic nephritis nor in the acute and subacute 
forms in which there is already high blood pressure. But this too is 
a subject which cannot here be considered in detail. 

With regard to the effect of general and localized arteriosclerosis 
upon the circulation there has been much speculation without as much 
actual observation and experiment. 

The arteries become rigid, lose their distensibility and resilience, 
lose to some extent their muscular contractility and are in addition 
in some cases dilated and deformed, in others intermittently or exten- 
sively encroached upon by thickenings of their walls. One may fre- 
quently observe this last fact in the coronary or mesenteric arteries in 
which, while much of the artery is thin walled and dilated, there are 
marked constrictions at certain points produced by thick projecting 
plaques of sclerosis. These are, in general, affection of the larger 
and medium-sized vessels. The very small arterioles and of course 
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the capillaries are in general less affected although in some localities, 
as in the kidneys, they are definitely thickened and narrowed. 

The effect of these changes upon the general arterial blood pressure 
is one point which has been discussed; the effect upon the rate of de- 
livery of blood to the tissue, the other. 

Romberg states that the very rigidity of the walls interferes with the 
passage of the blood at the normal rate, while Allbutt opposes the idea 
that this can offer any great resistance and thus bring about a hyper- 
tension. Hasenfeld put forward the idea that arteriosclerosis of the 
splanchnic arteries might oppose a great resistance to the heart and it 
was actually shown by Longeope and McClintock that ligation of the 
splanchnic arteries produced a marked rise in blood pressure, while 
obstruction of other arteries had little or no effect. But Marchand 
showed that there is little relation between arteriosclerosis of the 
splanchnic arteries and cardiac hypertrophy. In general, it is difficult 
to correlate high blood pressure and cardiac hypertrophy with arterio- 
sclerosis. In an analysis made by H. P. Smith of seventy-two cases at 
autopsy, chosen because the blood pressure was high, it was found im- 
possible to show any parallelism between arteriosclerosis and blood 
pressure, while there is a very marked parallelism between the curves 
indicating the degree of nephritis, hypertension and cardiac hyper- 
trophy. The lack of the auxiliary contractility of the arteries in 
driving on the blood into the capillaries, the lack of distensibility of the 
larger arteries, and the actual narrowing of certain points in many 
arteries by encroaching plaques, must offer some increased resistance 
to the heart but it seems insignificant in its effects upon the blood 
pressure and upon the heart itself when contrasted with the overwhelm- 
ing effects of chronic nephritis. Heightening of the blood pressure 
seems to be a phenomenon actively produced by the circulatory appara- 
tus and not the passive result of changes in the walls of the arteries. 

With regard to the changes in the amount of blood delivered to the 
tissues by sclerotic arteries, we have no actual figures but there is much 
indirect evidence of a somewhat unsatisfactory kind. 

The part played by sclerosis of the coronary vessels in the production 
of myocardial scars has been much discussed and all the evidence tends 
to show that (Fujinami, Strauch).in most cases at least the coronary 
branches leading to the scarred areas are not sclerotic. Nor is the 
matter made clear by the assumption that narrowing of the ostium of 
the coronary is responsible. In many cases the affected areas of the 
heart wall are in places sear-like, in other places soft, translucent and — 
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deep grayish-red. These seem to be early stages in the formation of 
a scar—the heart muscle fibers are lost but the granulation tissue which 
replaces them is extremely vascular. This in itself is inconsistent 
with the idea of scar formation on account of anemia, and probably 
is only one representative of the large group of cases in which causes 
other than restriction of the circulation (infections, toxins) have 
destroyed the myocardium. 

Sclerosis of the vessels of the kidney in association with scarring of 
the kidney substance presents exactly the same problems. The state- 
ment is rather dogmatically made that sclerosis of the fine branches of 
the renal arteries is the cause of the degeneration and scarring of the 
kidneys in certain cases. Side by side with these are cases in which 
the kidneys are equally scarred and degenerated, in which there is 
little or no arteriosclerosis. It is as difficult to accept the idea that the 
arteriosclerosis causes the shrinkage of the kidney as the reverse. Some 
light seems to be thrown upon this by the indisputable instances in 
which the loss of function of an organ is followed by changes in the 
arteries which lead to their narrowing by a process of obliterative 
endarteritis and whether the destruction and loss of tissue be brought 
about by the climacterium or by age or by disease, there is the corre- 
lated effect upon the supplying arteries. 

Etiology and pathogenesis of arteriosclerosis. Arteriosclerosis is one 
of those diseases difficult to explain because it develops so slowly through 
long years of life during which a great many possible causes have had 
an opportunity to affect the tissues. Our brilliant discoveries as to 
the etiology of disease come most readily when the transition from 
health to a pathological state is sudden and easily recognized by symp- 
toms. Hence every conceivable idea has been expressed and tena- 
ciously maintained with regard to this condition and many of them 
are so vague and ill-supported that it is wearisome to discuss them. 
None, however, is clearly demonstrated to have a definite bearing on 
the etiology of arteriosclerosis and we are quite as ignorant of its under- 
lying cause as were our forefathers in the days of Morgagni. 

If, however, we rehearse them once more it will be seen how little 
actual proof there is for the efficacy of these things in producing the 
disease. If we set them down in a table with the names of those who 
have expressed themselves for and against each theory, we find the 
columns about equally filled with names. 

Mere old age can hardly be regarded as a separate factor in produc- 
ing this condition since it is necessarily complicated by many other 
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possibilities. Arteriosclerosis does not steadily increase with age as 
is shown by the analysis of many cases at autopsy by decades, although 
it may well be said that those dying in the later decades are in a sense 
selected persons who did not die of arteriosclerosis. It is found, how- 
ever, in children and in a particularly highly developed form in young 
people. Romberg and Biumler set aside old age as an essential factor. 

Hereditary tendencies have been emphasized by Osler, Romberg, 
Fraenkel, Kisch and Hirsch but not regarded as important by 
vy. Schrétter, Thoma and Edgren. Doctor Osler spoke of the quality 
of the arteries with which one came into the world. 

Hard muscular work has been thought to favor the development of 
arteriosclerosis but the evidence is contradictory. While Weiss found 
it present in workers in foundries and factories, Edgren could not con- 
firm this in farm laborers who are supposed to work hard. Of course, 
this too is not an isolated factor because hard bodily labor usually 
brings with it exposure to unhygienic housing conditions, abuse of 
alcohol and tobacco, syphilis and other infections and even in certain 
trades to toxic influences such as the fumes or dust from metallic and 
other poisons. 

It is assumed to act through a heightening of blood pressure. Per- 
haps a rather pure example is that of Marchand who found in a young 
person who stood on one foot, the other leg being paralyzed, a marked 
sclerosis of the vessels of the overworked leg. 

High blood pressure. This brings up the factor of heightened arterial 
pressure which is by one group regarded as the intermediary through 
which many of the other influences act. Sir Clifford Allbutt lays 
great stress upon the separation of those cases of arteriosclerosis 
which occur under conditions of heightened blood pressure (hyper- 
piesis) from those which occur in its absence and are found without 
hypertrophy of the heart usually in persons of avanced age (decrescent 
form). He does not believe that the arteriosclerosis itself is the cause 
of hypertension nor would he insist that hypertension is always fol- 
lowed by arteriosclerosis but without giving a convincing histological 
basis for their separation he maintains the distinction between these 
forms. It is of course common enough to find arteriosclerosis in cases 
of hypertension even without renal disease but as Lubarsch and Pal 
have shown and as we have all observed, there are cases of extreme 
hypertension without any arteriosclerosis. Where hypertension is local, 
as it can be in only a few places, as in the pulmonary artery in mitral 
stenosis, or when a communication between aorta and pulmonary artery 
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is formed by the rupture of an aneurysm or by the ductus arteriosus in 
malformed hearts, we usually find sclerotic plaques in the vessel wall. 
Ljungdahl has studied this condition in many cases and finds that it 
is chiefly developed in those instances in which the artery is function- 
ally overstrained. Mitral stenosis, congenital malformations and 
extreme pulmonary emphysema are the principal causes. 

On the whole there is a widespread idea that heightened tension from 
whatever cause is a fundamental factor in the production of arterio- 
sclerosis. It is assumed in the experimental studies carried out with 
adrenalin and with mechanical means of raising the pressure, it is used 
to account for the position of sclerotic plaques at the orifices of inter- 
costal and other vessels, but in no case is it quite clear that the increased 
tension plays an essential part. On the contrary we find cases of 
nephritis with long standing high blood pressure with little or no ar- 
teriosclerosis, although hypertrophy of the muscular coat may exist. 
Klotz attempted to produce a work sclerosis by raising the blood pres- 
sure in the carotids and thoracic vessels by hanging a rabbit upside 
down each day for a long time. He succeeded in causing thereby an 
increased pressure in these vessels and extreme sclerotic changes. 
Others (Steinbiss, Miner Hill) failed to produce any changes by such 
means and Klotz himself did not always succeed. Harvey reached 
similar results to those of Klotz by compression of the aorta in a rabbit. 

Apparently the element of hypertension does not enter into the 
conception of arteriosclerosis as a wear and tear disease of the vessels 
in which elastic tissue is replaced by connective tissue. Most of the 
names are associated with this idea from Rokitansky and Traube to 
Aschoff, Jores, Romberg and others. No one could deny the proba- 
bility that such a replacement may occur, but the typical appearance 
of arteriosclerosis in the young with all its characteristic features makes 
it seem that this process has more individuality than mere wear and 
tear. 

The same criticism may be offered for the expression, “increased 
functional demand” which is used by several to mean that under the 
stress of unusual activity the vessel wall suffers. 

Numerous authors (Fraenkel, Huchard, Romberg, Weiss, Stengel) 
speak of mental activity or overactivity, mental diseases and various 
nervous disturbances as possibly productive of arteriosclerosis. That 
they may have an indirect bearing through disturbance of metabolism, 
or that they may be the expression of some intoxication which lies at 
the root of the arteriosclerosis, seems more plausible. 
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The association of certain diseases with arteriosclerosis is discussed 
but without producing very convincing evidence in its favor. Thus 
Huchard, Lancereaux, Fraenkel, Schrétter ascribe to gout a part in 
its production and others think that the same may be said of diabetes, 
chronic nephritis, obesity, etc., but in each case there are quite as many 
to deny the relation. 

There remain perhaps the most important etiological factors— 
infections, intoxications and unbalanced diets. 

The French school, including especially Huchard, have emphasized 
the importance of infectious processes in giving rise to arteriosclerosis. 
Typhoid fever, rheumatism, scarlet fever, diphtheria and influenza are 
especially frequently mentioned as being followed by the appearance 
of sclerotic lesions of the aorta. Thayer and his assistants, Brush and 
Fabyan, studied the cases of typhoid fever recalled for examination 
months or years after convalescence and found that they presented 
thickening of the peripheral arteries in a much higher percentage of 
cases than the controls; and at autopsy he found in deaths from ty- 
phoid fever fresh sclerotic plaques in the aorta and coronary arteries. 
Earlier workers, such as H. Martin, Therese, Simnitsky, had recorded 
observations pointing to the occurrence of lesions in the arteries after 
infections which might possibly lead to arteriosclerosis. Wiesel studied 
a large number of cases in young persons who had died of acute 
infections and found minute necroses in the media which sometimes 
showed as. sunken spots in the lining of the vessel. Frothingham made 
similar observations in diphtheria, typhoid fever, glanders and other 
diseases. These papers have been reviewed by Ophiils in an excellent 
monograph on the relation of arteriosclerosis to infectious disease 
in which he shows by the careful study of five hundred cases that ar- 
teriosclerosis develops in connection with injury to the arteries result- 
ing from various infections of which chronic septic infections of the 
rheumatie type play the most important rdle. 

Comparison of tables made up of cases in which there was a history 
of one or more infections, with those made up from persons who had 
suffered little or no infection, shows an extraordinary preponderance 
of arteriosclerosis in the former. 

Ophiils feels that it is misleading and confusing to consider the renal 
lesions so frequently associated with arteriosclerosis as a result of changes 
in the arteries or vice versa. They are more probably produced by 
the same causative agent. Nor does he regard hypertension and 
arteriosclerosis, which sometimes occur together, as interdependent. 
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Naturally attempts have been made to reproduce the arteriosclerotice 
lesions supposed to follow infections by experimental inoculations, 
either with living or dead bacteria or with their extracts or toxins, and 
many investigators have been able to produce lesions of the arteries 
rather closely resembling those of arteriosclerosis. Gilbert and Lion 
did this with typhoid bacilli and with an organism from a case of en- 
docarditis. Boinet and Romary, Therese, Crocq, Manouelian and 
Saltykow continued these experiments. Most of these worked with 
rabbits and so did Klotz and Bailey, who produced distinct arterial 
lesions with calcification by the injection of diphtheria toxin. These 
animals are so prone to spontaneous arterial lesions that it seems most 
unfortunate that they should always be chosen by experimenters al- 
though it may be supposed that in any considerable series of positive 
results criticism of this sort is largely disarmed. But for this reason 
the injection of killed staphylococci or filtrates by Manouelian into 
monkeys with the production of medial lesions seems to assume a 
somewhat greater importance. 

Nevertheless, in spite of all these experiments and these statistical 
studies of the co-existence or later occurrence of arteriosclerotic lesions 
in persons affected with infectious diseases, there is brought no satis- 
factory proof of the thesis that infection is the direct cause of arterio- 
sclerosis. Itseems the most plausible idea so far mentioned but it will 
require far more study before we see the relation clearly. 

With regard to the part played by toxic substances of various sorts 
the most general statements are made by Huchard, Romberg, Craig, 
Senator and others who variously supposed the occurrence of poison- 
ous materials capable of causing a vasomotor spasm with high blood 
pressure and ultimately arteriosclerosis. Craig’s idea was that this 
was a form of auto-intoxication from the intestine. More specific 
arguments have been put forward by Billings, Huchard and Lunz con- 
cerning the influence of lead poisoning but Jores and Kolisko have been 
unable to substantiate its importance in producing arteriosclerosis. 
The association in this and in the following instances is so vague that 
it seems hardly worth while to analyze the statements more exactly. 
To tobacco has been ascribed the same effect by a number of well-known 
authors, Schrétter, Huchard, Romberg, Schott, Kiilbs, and especially 
by Adler and Hensel. Doctor Adler was able to produce arterial 
lesions in dogs by the injection of relatively enormous doses of nicotine 
but this can scarcely be taken as a proof of the inimical effect of smok- 
inginman. Edgren and v. Basch refuse to accept the supposed etio- 
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logical importance of tobacco in this disease. It is not impossible that 
nicotine may have some direct or favoring influence in the production 
of arteriosclerosis but the evidence is less than circumstantial. The 
same may be said of tea and coffee—there are voices for and against 
assigning them any importance. Alcohol has always been prominently 
mentioned as a causative factor usually with the further explanation 
that it acts by elevating the blood pressure or by causing sudden varia- 
tions in the pressure. Edgren, Hirsch, Gerhardt, Schrétter, Chiari, 
Klemperer believed in its importance but Romberg, and especially 
Cabot, have been unable to show that among patients with arterio- 
sclerosis there is any extraordinary percentage of alcoholism nor vice 
versa, 

Since the idea that hypertension could bring about arteriosclerosis 
has for a long time been very familiar, it was natural that experimental 
attempts to test this with adrenalin, whose power of producing vaso- 
constriction and high blood pressure was well known, should have been 
attempted. Jores’ experiments in this direction failed but Josue was 
able to cause in rabbits the formation in the aorta of localized areas 
of medial necrosis with dilatation and calcification. Numerous in- 
vestigators followed with the same results (Erb, Pearce and Stanton, 
Braun, Klotz, Loeb, Githens and Fleisher, and many others). All 
found that areas of necrosis appear in the media which may involve 
its whole thickness or only a part. The artery may be dilated at this 
point—the necrotic tissue becomes calcified and surrounded by a granu- 
lation tissue often with giant cells, as might be the case with a foreign 
body. A compensatory new formation of intimal tissue which ulti- 
mately levels the intimal surface may occur. The descriptions are 
practically always the same and while this condition is not regarded as 
identical with the arteriosclerotic lesions of the human aorta, they do 
resemble closely the Ménckeberg type of medial calcification found 
in the peripheral arteries in human beings. 

Such disease of the aorta occurs so often spontaneously in the rab- 
bit’s aorta that Hill thinks it necessary to have a very large series 
before the lesion can be accepted as the result of the adrenalin injec- 
tion. But by this time the unanimous reports of many workers con- 
stitute a large series and it seems that it may be accepted that this is 
the effect of the injection. Whether it is the effect of the blood pressure 
raising influence of the adrenalin has been studied in various ways, 
chiefly by adding amyl nitrite or other substance which will tend to 
neutralize this violent pressor effect. Even then the same arterial 
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lesions are produced (Klotz), so that it appears that some toxic action 
of the adrenalin and not merely a mechanical effect of hypertension is 
at work. 

A minute analysis of all the work upon this subject up to 1908 has 
been given by Saltykow and the question as to its bearing upon human 
arteriosclerosis seems to be settled. 

Various other substances have been injected in the effort to produce 
experimentally arteriosclerosis, usually with the result that changes 
of some sort are produced but never resembling very closely arterio- 
sclerosis. Such substances as uric acid, sodium urate, barium, ergotin, 
hydrastin, mercury and extracts of decomposed meat have given no 
consistent results. 

Far more interesting are the experiments begun by Ignatowski and 
carried out in detail by a number of other investigators, Anitschkow 
and Chalatow, Starokadomsky and Ssobolew, Stuckey, Wacker and 
Hueck, but especially Anitschkoff, upon the effect of modifications of 
the diet. These modifications consist chiefly in the introduction of 
animal food into the diet of the vegetarian rabbit and especially in the 
increase in the proportion of lipoid substances. Most of these authors 
have ultimately investigated the effect of the feeding of cholesterin and 
cholesterin esters although a few have been interested in the effects of 
high protein diets. Anitschkow in his later paper begins by showing 
that the experiments of Saltykow in which staphylococci were injected 
over long periods were complicated by milk feeding which alone will 
produce the changes in the aorta accompanied by deposits of fat, while 
the bacteria alone without simultaneous milk feeding will not do so 
(Herxheimer, Reddingius and Starokadomsky). 

In his own experiments in which he fed cholesterin dissolved in sun- 
flower seed oil he thinks he has produced a condition which in respect 
to the deposition of fat and the hyperplasia of the intima closely re- 
sembles human arteriosclerosis in sharp contrast with the changes of 
the adrenalin type which bear no close resemblance to the human disease. 

In these experiments, first with the feeding of cholesterin alone, then 
the same feeding combined with mechanical narrowing of the aorta 
by a ligature, then with suspension of the rabbits in inverted position 
(Klotz) with and without cholesterin feeding, he finds as the clear-cut 
result that the mechanical interference which would lead to heightened 
blood pressure alone fails to produce the characteristic changes in the 
vessel wall, while these appear when cholesterin feeding is combined 
with them and indeed after the feeding of smaller amounts of choles- 











ARTERIOSCLEROSIS 89 


terin than are necessary to produce atherosclerotic changes in the walls. 
when given in normal resting rabbits. There is then something in the 
heightening of the blood pressure (after all no great increase in blood 
pressure is produced) which favors the deposition of the lipoid and the 
development of the hyperplastic changes. Similar results are recorded 
for a combination of cholesterin with adrenalin injections but this 
seems a confusing experiment because different end results are combined. 

Anitschkow’s view is, therefore, that the inception of arteriosclerosis 
is probably to be ascribed to the storing of lipoid substances in the 
intima but that this alone will not occur except as a process of summa- 
tion with various other predisposing causes of which he has tested one 


or two examples. He expresses then a combination theory of the 
origin of arteriosclerosis in man. 


SUMMARY 


On the whole the anatomical changes in arteriosclerosis are now 
becoming fairly clear and there is almost complete unanimity of opinion 
as to what should be included under this name and what excluded. 
Syphilitic and other infectious forms are excluded, obliterating forms 
of endarteritis are usually easily classed apart with well understood 
cause and quite separate anatomical characters and there remains 
only the “ordinary”’ arteriosclerosis with the somewhat more obscure 
division formed by the medial necrosis in peripheral vessels. This 
form of Ménckeberg seems very distinct from the other, more nearly 
related to the forms of obliterating endarteritis and often combined 
with it. It has, therefore, been little considered here. 

In the true arteriosclerosis there seems to emerge from the long 
continued discussion the general conception of the paramount impor- 
tance of the intimal changes although on grounds of probability, weak- 
ening of the media has always been sought. The presence of lipoid 
substances in the intima followed by a great hyperplasia of the connec- 
tive tissue and to a less extent of the elastic tissue is agreed upon. Every 
conceivable explanation has been offered, based usually on a preformed 
idea as to what ought to occur. Every form of experiment has been 
performed in the attempt to reproduce the disease. These resolve 
themselves into three main groups: 

1. Efforts toward affecting the vessel wall by mechanical means 
through elevation of the blood pressure or otherwise. 

2. Efforts toward producing lesions in the vessel wall by various 
poisons. 














90 W. G. MacCALLUM 


3. Experiments to show the effects of perverted or one-sided diets. 

Of these practically all that fall in the first two groups have failed 
to produce anything like human arteriosclerosis, while those of the third 
group have been more successful, especially when combined with me- 
chanical disturbances. Of all the mechanical influences it seems that 
heightened blood pressure is the only one of any importance but that 
acting alone it produces little or no change. At most it seems to pre- 
dispose to the imbibition of excessive lipoids in the intimal layer; 
whether these lipoids themselves are the cause of the tissue hyperplasia 
remains to be determined. 
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FAT TRANSPORT IN THE ANIMAL BODY 
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From the Department of Biochemistry and Pharmacology, University of California, 
Berkeley 


The essential constituents of the proteins and carbohydrates—the 
amino acids and the monosaccharides—are soluble in water, while those 
of the fats—the higher fatty acids—are not. The amino acids and 
monosaccharides are, according to our most recent knowledge, carried 
as such in the blood, while the split products of the fats are built up 
again into fat for transport. The hydrolysis products of the proteins 
and carbohydrates pass directly into the blood stream, while it has 
never been shown that any of the fat goes that way, although it is 
probable that a small amount does. For these reasons and probably 
also for others as yet not understood, arrangements are provided in the 
organism for transporting the fats which are in most respects quite 
different from those provided for the other foodstuffs. It is pro- 
posed in the present discussion to review the available information on 
this subject. 

TRANSPORT ACROSS THE INTESTINAL WALL. In common with all the 
other food substances the fats are hydrolyzed in the gastro-intestinal 
_canal, the products of the hydrolysis being fatty acids and glycerol. 
The extent of hydrolysis has been a matter of dispute but ordinarily 
conditions are such that it is probably nearly, if not quite complete. 
There is abundance of lipase, mainly from the pancreas but also from the 
intestinal glands, to hydrolyze many times the amount of fat ordinarily 
found in the diet. Due to the mechanism for emptying the stomach, 
the fat is supplied to the intestine in small amounts. There is always 
some free fatty acid in it when it reaches the intestine since all natural 
fat contains fatty acid, and the amount is increased by cooking and 
probably also by the gastric lipase. An abundant supply of alkali is 
furnished by the various secretions which empty into the intestine—bile, 
pancreatic and intestinal secretions—and the alkali uniting with the 
fatty acids forms soaps, by the aid of which the unsaponified fat is 
emulsified so as to be the more readily hydrolyzable. Added to these 
factors is the removal of the products of hydrolysis by absorption, 
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which, since hydrolysis is a reversible reaction, promotes its complete- 
ness. In the face of so complete a mechanism for hydrolysis the con- 
clusion is almost inevitable that, whatever be their later fate, the 
fats are ordinarily completely saponified in the intestine. On the other 
hand the structure of the absorbing surface of the intestine, the presence 
there in enormous number of leucocytes which are generally loaded 
with fat and which are known to pass through the intestinal epithelium, 
the fact that non-motile bacteria pass across the intestine when fed 
along with fat, the histological picture of the epithelial cells during fat 
absorption, which although perhaps better explained by the absorp- 
tion of fat as split products, does not preclude the absorption of un- 
split fat in an ultramicroscopic state of division, together with the fact 
that only fat is found in the lacteals and thoracic duct, make it unsafe 
to assume that fat is absorbed wholly in the hydrolyzed form and ren- 
ders desirable also the careful consideration of the possibility of the 
passage of unaltered fat across the intestinal wall. 

The histological study of fat absorption. 'The most important investi- 
gations on this subject are those of Schaefer and Heidenhain who, 
however, arrive at opposite conclusions as to the way in which the fat 
passes across the intestinal walls. Recent work by Clark and Clark 
and by Evans, while not directly concerned with fat absorption from 
the intestine, is still of great importance in its consideration. 

Schaefer (1), in discussing the phenomena occurring in the intestinal 
epithelium during fat absorption, first noted that there is no definite or 
at least no rigid cell membrane surrounding the columnar epithelial 
cells of the villi; that soft bodied cells such as leucocytes occurring 
between them are able to indent and to work their way through between 
them. During fat absorption the epithelial cells become filled with 
fat. globules of various sizes, generally largest in the part between the 
nucleus and the thickened border, and often quite small near the 
attached end of the cell. Sometimes the greater part of the fat is 
accumulated in the inner, sometimes in the outer part of the cell, 
these conditions probably representing the different stages in its ab- 
sorption. The appearance shown in different preparations is such as to 
indicate a primary accumulation of fat in the outer or free half of 
the cell, and its gradual passage down into the inner or attached half, 
accompanied by the breaking down of the larger particles into smaller 
ones preliminary to passage out of the cell. The striated outer border 
(near the lumen) has been the object of a good deal of interest in connec- 
tion with the passage of fat into the epithelial cells. A few investigators 
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from Wiedersheim (2) onward claim to have observed what appear to 
be amoeboid protrusions from the cell border into the intestine and have 
ascribed to these processes the function of engulfing fat particles from 
the intestine and transferring them to the interior of the cell. This 
idea of the method of entry of fat particles into the cells is given suffi- 
cient credit by histologists to be included in at least one modern text 
book (3). However, most investigators have been unable to find even a 
trace of such outgrowths and the possibility, if present, of their having 
any function in fat absorption is remote, for the reasons that if they 
could engulf fat particles they could also take in molecules of starch or 
protein, which are much smaller, but which are known not to pass the 
normal intestine; also that the appearance of the fat particles in the 
cells represents a gradual growth rather than a sudden transference, 
and that fat globules have never been observed in the substance of the 
striated border, although such an appearance would be frequent if the 
globules did pass through this border. Schaefer has found that leuco- 
cytes accumulate in the mucous membrane in great numbers during 
fat absorption and he believes them to be of great importance, if not the 
main factor in the transference of fat from the epithelial cells to the 
lymph system. His claim assumes the greater weight in the light of 
recent work by Clark and Clark (see below). The leucocytes are 
generally very abundant at the base of the epithelial cells, between 
them and the basement membrane, but are less abundant between the 
cells, and occur only occasionally in the intestinal lumen. They are 
present in large numbers in the interior of the villi and occasionally in 
the lacteals, especially near the end. That they pass from the villi into 
the lacteals is shown by the fact that they may be seen partially in- 
and partially outside the lacteal. During fat absorption they are always 
filled with fat globules, even though the epithelial cells may not be. 
Schaefer ascribes the main transport of fat from the epithelium to the 
lymphatics to these cells, and believes that the epithelial cells becoming 
visibly filled with fat only when the leucocytes fall behind with their 
work of transport, acting thus as workshops in which the absorbed 
fat constituents—glycerol and fatty acid or soap—are recombined as 
fat and stored against the time of removal by the leucocytes. In 
Schaefer’s opinion the leucocytes, after carrying their load of fat into 
the lacteals, break down, since although they are found in considerable 
numbers in the lacteals near their beginning, they cannot be found in 
the thoracic duct. Schaefer’s findings and deductions thus provide a 
complete hypothesis as to the passage of fat from the intestine into 
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the circulation. Its acceptance is based on the ability of the leucocytes 
to do the work, which may be questioned, although they undoubtedly 
are an important factors From his hypothesis the inference follows 
that the manner of passage of fat through the two surfaces of the 
epithelial cell is different—absorption into the cell taking place as fatty 
acid and glycerol, while passage out into the leucocytes is as finely 
particulate fat.'| The transference of fat in a very fine state of divi- 
sion—as an invisible colloidal suspension—has never been considered 
and is a fruitful possibility, since living cells appear to have the ability 
not only of building up large globules of fat but also of reducing these 
again to invisibility. ; 

Heidenhain (5) differs from Schaefer in some important particulars as 
to his explanation of fat absorption. Commenting on the claims of 
Zawarykin (6) who believed that the leucocytes alone were concerned 
with the transfer of fat from the intestine to the lacteals and that the 
epithelial cells took no part, he admits that the leucocytes undoubtedly 
can take up fat from the intestine, but believes their part to be secondary 
for the following reasons: a, In newborn puppies when fat absorption 
is in full progress leucocytes are seldom found in the epithelium, while 
in fasting they are often present in large numbers. 6, Leucocytes con- 
taining granules stained black with osmic acid are often found in the 
Lieberkuhn’s glands and their presence is difficult to explain since there 
is no apparent reason why they should transport fat there and the 
glands themselves do not absorb fat. c, Granules staining black with 
osmic acid may be found in fasting animals near Lieberkuhn’s glands 
and less numerously in the gland itself, and evidence is brought to show 
that probably some substance other than fat is responsible for the color 
with osmic acid. 

The presence of fat between the epithelial cells observed by some 
workers (7) Heidenhain is inclined to regard as due to muscular con- 
tractions of the villi during fixing, since it cannot be observed in the 
epithelial cells of animals whose villi have no muscles (frog). 

The absorption of unchanged fat through the agency of outgrowths 
of the epithelial cells of the nature of cilia as claimed by Thanhofer (8) 
he believes to be very doubtful because of the inability of many histolo- 


1 Regarding the necessity for hydrolysis of the fat before absorption, one 
reason is probably that of protecting the organism from unsaponifiable fatty 
materials (4) but once having passed the test of saponification it is very possible 
that fat may then not have to submit to hydrolysis again but may be passed along 
in particulate form. 
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gists (himself included) to demonstrate the presence of anything of the 
nature of cilia. 

For the transfer of fat from the epithelial. cells it is his belief that 
contraction of the protoplasm is responsible as is the case for the trans- 
fer of water. 

Inside the villi the fat, as relatively coarse globules, moves in the 
pericellular fluid contents (with the exception of the small amount 
taken up by the leucocytes) and does not assume the dustlike fineness of 
its final form until it reaches the chyle vessels. 

Clark and Clark (9) have recently presented some experiments which 
are of great interest in connection with the réle of the leucocytes in fat 
transport in the intestine and elsewhere, and are in striking support of 
the claims of Schaefer as regards this function. Drops of fat or fatty 
acid 30 to 70u in diameter (olive oil, cream, yolk of egg, oleic acid) were 
injected into the tissue of the tails of tadpoles and the resulting reactions 
noted. In the case of olive oil, soon after the injection, leucocytes were 
observed to pass through the walls of the nearby blood vessels and to 
wander toward the oil droplet. On reaching it they flattened out, 
formed a ring about it and in a few minutes became pigmented, the 
pigment being apparently minute particles of oil. Lymph vessels grew 
out to the oil in from a few hours to two or three days, depending on the 
distance, and remained in contact with the oil and the leucocytes for 
several days. No pigmented leucocytes were seen to enter the lym- 
phatic, but the oil droplets in the leucocyte in contact with the lymph 
vessel became gradually smaller until the cell became clear. Fine, 
free fat droplets were engulfed by leucocytes, were then reduced in 
size and replaced by minute pigmented droplets. 

In the case of oleic acid, within a minute or two after injection, the 
clear globule became opaque and granular—brown by transmitted 
light The leucocytes responded more quickly and in larger numbers 
than with olive oil (irritation by the fatty acids?) forming a ring several 
layers deep and soon becoming deeply pigmented. The lymph vessels 
responded as with the olive oi! and a study of the leucocytes showed 
that they were continually moving away from the fatty acid, wandering 
up to a nearby lymphatic and in fifteen minutes to one half-hour 
moving away, having lost their brown pigment. None were observed 
to enter the lymph vessel. Absorption of oleic acid or sodium oleate 
was more rapid than olive oil. 

When cream or yolk of egg (finely divided, emulsified fat) was in- 
jected, the same reactions were observed—the leucocytes acting as 
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carriers but working in this case more rapidly. When injection was 
near a lymph capillary, loaded leucocytes came into contact with the 
lymphatic within three hours after the injection. If, however, the 
leucocytes had far to go they lost their pigment (and therefore their 
load of fat?) before reaching the lymph vessel, which however con- 
tinued to grow in their direction and that of the fat mass, indicating 
perhaps a diffusion of soluble and therefore invisible products (hydroly- 
sis products?) from the leucocyte. The absorption of cream or yolk 
of egg was so rapid that there was often no time for the lymphatic to 
grow out to the injected material. Leucocytes and lymphatics were 
the only structures reacting to the injected fat, the blood capillaries, 
if anything, growing away from it. These reactions were limited to 
fat and fatty acid. No reaction could be obtained with fat-like sub- 
stances such as mineral oil. 

The work of Clark and Clark indicates that the leucocytes can take 
up unsplit fat and transport it fairly rapidly, and their presence in 
the intestine in such large numbers during fat absorption and the fact 
that they are always loaded with fat even when the epithelial cells con- 
tain very little, indicates that they may have a very considerable part 
in certain stages of the absorption, i.e., transport to the lacteals. But 
numerous as they are in the lacteals and around the epithelial cells 
they rarely get out into the lumen of the intestine, so that the first 
stages at least of the absorption of fat must be referred to the epi- 
thelial cells themselves. The possibility that the epithelial cells act 
phagocytically, engulfing the unchanged fat particles, seems doubtful 
from the fact that fat particles have never been observed in the cuticular 
membrane, and that most of the considerable mass of evidence available 
points to the absorption of fat in the form of its hydrolytic products— 
glycerol and fatty acids (or soaps). 

Form in which fat leaves the intestine. ‘The experimental data regard- 
ing the form in which fat passes out of the intestine may be considered 
under four headings; first, that bearing on the degree of hydrolysis of 
fat in the intestine; second, that regarding the absorbability of the 
split products; third, the behavior of the intestine toward substances 
of a fatty nature which are not fat; and fourth, the evidence regarding 
the absorption of unchanged fat. 

1. The extent of fat hydrolysis in the intestine. No matter how much 
fat is passing along the intestine or how little is being absorbed, the 
fatty material found in the lower intestine and the feces consists almost 
entirely of fatty acids (or soaps) (10), which indicates clearly that ample 
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facilities are provided for hydrolysis. When absorption is taking place 
with consequent removal of the products, hydrolysis must be even 
more complete, since it is a reversible process and follows the law of 
mass action. In healthy animals enough pancreatic lipase is provided 
to split many times the amount of fat ordinarily present in the food. 
Added to this main source of lipase is that present in the gastric secre- 
tion (11) which, although not ordinarily important because of its 
sensitiveness to acid, may bring about considerable hydrolysis when 
the gastric acidity is low and especially when fat is present in an emul- 
sified form (milk, yolk of egg, etc.). In addition to the gastric lipase 
some is supplied in the intestinal secretions (12), which is probably 
responsible for the splitting of fat which is found to take place in the 
absence of the pancreatic secretion. 

Owing to the fact that the lipases are soluble in watery mixtures but 
not in fat, their hydrolytic action can be exerted only at the fat-water 
interfaces, and unless the fat surface thus exposed is great, splitting 
will be slow. Hence the importance of emulsification, which by re- 
ducing the size of the fat globules increases their surface. Abundant 
provision is made for emulsification in the intestine. The most im- 
portant emulsifying agent is undoubtedly soap, the fatty acid for the 
formation of which is present to a small extent in all natural fats and 
the amount is increased by cooking and by the gastric lipase. Alkali 
is supplied by the secretions entering the intestine—pancreatic juice, 
bile and the various intestinal juices which are all more or less alkaline. 
The fat containing fatty acid ordinarily enters the intestine in small 
portions, is met by the alkaline secretions which unite with the fatty 
acid to form soap and by the motion of the intestine the unsplit fat is 
well emulsified. Additional emulsifying agents or stabilizers—pro- 
teins, lecithin, etc., are furnished by the secretions, and even though, as 
has been noted several times, the reaction of the intestine is slightly 
acid throughout its length (13), the acidity is due mainly to carbonic 
acid, which has little effect on a soap emulsion in the presence of bile 
and pancreatic secretion (14). The fact that it is not always possible 
to find an emulsion in the intestine during fat absorption (15) is not a 
serious objection since such a finding would be made if hydrolysis were 
rapid in relation to the amount of fat. present—all the fat present being 
in the form of soap. 

2. The absorbability of the split products of fat—fatty acids or soaps 
and glycerol. That the split products of fat were absorbable was demon- 
strated very early in the study of the behavior of fat in the intestine. 











FAT TRANSPORT IN THE ANIMAL BODY 99 


Radziejewski (16) showed that alkali soaps were absorbed; Perewozni- 
koff (17) showed that a mixture of alkali soap and glycerol was absorbed 
and synthesized into fat, the lacteals having the usual appearance after 
a fat meal and the epithelial cells containing fat globules. All the more 
recent evidence confirms the earlier findings (18) and the fact seems 
proven that the intestine can absorb fatty acids or soaps and glycerol 
and synthesize fat from them. 

8. The behavior of the intestine toward substances of a fatty nature other 
than ordinary fat. A number of workers have experimented with sub- 
stances of this type in the hope that thereby information regarding the 
manner of absorption of fat might be obtained, and the results have 
been quite illuminating. a. Substances which are hydrolyzable in the 
intestine—ethy] esters of the fatty acids (19), amyl esters of the fatty 
acids (18), optically active mannite esters of the fatty acids (20). 
These are all completely hydrolyzed in the intestine and the fatty acid 
component appears in the chyle as the triglyceride showing that a 
synthesis with glycerol has taken place. b. Non-hydrolyzable sub- 
stances which by one means or another can be emulsified. Two sub- 
stances have been used for this purpose—esters of the fatty acids with 
cholesterol or related substances which readily yield a fine emulsion with 
water, and the paraffin hydrocarbons which are soluble in fat and 
which can be emulsified with it. Absorption of these substances has 
been tested in two ways—by determinations of unabsorbed residue in 
the feces (21) and by determining the absorbed substance in the chyle 
(22). Inneither case was there any evidence of absorption. A similar 
rejection of paraffin hydrocarbons was observed by Clark and Clark in 
their study of the absorption of fat and fat-like substances injected into 
the tails of tadpoles. 

4. Absorption of unhydrolyzed fat. There is no good evidence that 
fats can be absorbed unchanged in any considerable amount. The 
belief that such was the case was based largely on the observation that 
the appearance of the fat in the intestine and the lacteals was the 
same—a milky emulsion. The objection, that the particles of sus- 
pended fat in the lacteals were much smaller than those in the intestine 
has never been explained away but a reasonable answer would be that 
only the finer particles of the fat of the intestine were absorbed, and 
that one of the purposes of intestinal action was to reduce the fat 
particles to absorbable size, the processes of hydrolysis and emulsifica- 
tion being directed to that end. Hydrolysis of fat by the lipases in the 
intestine was never denied by the supporters of the theory that fat was 
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absorbed as such in finely divided form but their claim was that only 
enough hydrolysis took place to produce soap for emulsification. The 
repeated statements of the histologist that no fat particles can be 
observed in the cuticular membrane which is the first line of action of the 
epithelial cells have never been answered and could be explained only 
by the assumption that the fat particles were so fine as to be ultra- 
microscopic which, so far as is known, has never been made. There 
appears to be nothing inherently impossible in the reduction of fat 
particles to ultramicroscopic size since fat is known to occur in such a 
(colloidal) condition in nature as stored material in egg yolk and in 
many cells, both plant and animal, and as noted above, the reduction 
in size of fat particles to invisibility has been observed in leucocytes and 
in intestinal epithelial cells. But the ability to reduce fat to particles 
of ultramicroscopic size appears to be confined to the living interior of 
cells and could probably not take place in the intestine. Even if it were 
possible to reduce fat to the colloidal condition in the intestine a special 
mechanism must still be assumed for its absorption since other sub- 
stances in colloidal suspension such as proteins and starches and even 
relatively simple substances in true solution such as the various disac- 
charides are not allowed to pass into the blood unchanged. Other 
evidence of absorption of unchanged fat such as the absorption of 
colors which are soluble in fat but not in water, and the deposition in 
the fat stores under certain conditions of large amounts of fat which is 
chemically the same as the fat of the food can be equally well explained 
by the hydrolysis-synthesis theory, since the fat dyes used were shown 
to be soluble in fatty acids (23), and since the fat found in the lacteals 
and hence in the blood and fat stores must be built up largely from the 
available hydrolysis products of the fat in the intestine. 

To sum up: Abundant facilities are provided for the hydrolysis of 
those esters of the fatty acids which hydrolyze with the same or greater 
ease than the fats. The split products are readily absorbed and con- 
verted into fat in the passage through the intestinal wall. Substances 
which cannot be hydrolyzed and so rendered water-soluble are not 
absorbed no matter in what form they may be presented. The pre- 
vailing belief that fats are completely hydrolyzed in the intestine and 
absorbed as the hydrolysis products thus has most of the evidence in its 
favor, although the possibility of the absorption of some unchanged fat 
cannot be absolutely excluded. The reason for the hydrolysis, which 
appears to be universal for all food substances, is not far to seek. On 
the one hand there is the necessity for the exclusion of substances which 
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as presented would be useless and harmful to the organism, such as 
unchanged proteins, complex carbohydrates or fat-like substances 
other than fat; and on the other, since no food substance is presented in 
immediately usable form, more or less complete hydrolysis must take 
place in any case, if not in the intestine then in the tissues. The two 
purposes are combined in the intestine, which by means of the same 
process rejects harmful or useless substances and reduces the useful 
material to fragments which can be used at once by the tissue cells 
which require them. There is therefore no need to assume a special 
mechanism for the transfer of fat from the intestinal lumen into the 
epithelial cells—this takes place according to the usual rule by hydroly- 
sis, which is as usual complete to the limits of hydrolysis for the indi- 
vidual substance, followed by absorption of the split products in water 
solution. (Attention should be called to the fact, which is perhaps not 
ordinarily sufficiently appreciated, that hydrolysis in the intestine is 
carried to the utmost limit; any further change such as division of the 
dextrose molecule, deamination of the amino acids or breaking of the 
fatty acid chain would involve other changes than simple hydrolysis.) 

Passage of fat out of the epithelial cells. The fat fragments after 
reaching the interior of the epithelial cell appear to be built up into fat 
again and retained in the cells for some time—at least this is the picture 
when much fat is being absorbed. When little absorption is taking 
place no such accumulation can be observed, but the leucocytes, accord- 
ing to Schaefer’s observations, are always full of fat whether much or 
little is being absorbed, and his belief is that the function of the epi- 
thelial cells is to receive the hydrolysis products, synthesize them and 
store the fat until the leucocytes can transport it to the lacteals. Both 
Schaefer and Heidenhain agree that the fat from the epithelial cells is 
transferred to the lacteals without alteration other than changes in 
size of particles, Heidenhain believing that the particles are expelled into 
the body of the villus by contractions of the epithelial cell protoplasm, 
while Schaefer thinks that they are transferred to the leucocytes by 
contact and by them to the lacteals. 

In contrast to these opinions based on histological observations, 
Loevenhart (24), on the basis of chemical evidence, believes that the 
passage out of the cell, like the passage into it, is accomplished by a 
hydrolysis and synthesis, and also that wherever in its subsequent his- 
tory the fat has to pass a cell wall the same hydrolysis and synthesis 
take place. His assumption requires the presence at all these points 
of a sufficient supply of lipase to bring about these changes in the time 
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ordinarily consumed in transferring the fat from the intestine to the 
tissues and he brings evidence to show that lipase is present in all 
tissues, and especially in those which are ordinarily most concerned in 
fat metabolism—the liver, active mammary gland, blood, lymph and 
intestinal mucosa. He notes particularly its presence in those places 
where fat synthesis is known to take place—the active mammary gland 
and the subcutaneous fatty tissue. The test employed by him to show 
the presence of lipase is the ability of a water extract of the tissue to 
hydrolyze ethyl butyrate. Aside from the fact that the splitting ob- 
tained by him is rarely very extensive, being ordinarily less than 5 per 
cent in forty hours and therefore possibly unimportant as a factor in 
fat metabolism, his experiments have aroused critical comment in 
several quarters. Regarding the use of ethyl butyrate as a test of the 
presence of lipase, it was pointed out by Arthus (25) and later by 
Jansen (26) that a test carried out on the esters of the lower fatty acids 
such as monobutyrin (and therefore also ethyl butyrate) cannot give a 
true measure of lipase action since these esters are much more readily 
hydrolyzed than the triglycerides of the higher fatty acids and regard- 
ing which Loevenhart himself gives a reference to Euler (27) to the 
effect that the hydrolysis of an ester is greater the stronger the con- 
stituent acid; therefore the higher fatty acids being relatively much 
weaker than butyric acid their esters would be much more slowly 
hydrolyzed than those of butyric acid. 

Bradley (28), using the same technique as Loevenhart, was unable to 
corroborate his findings in some important particulars. He found no 
broad correlation between fat and lipase content of tissues. Some of the 
most active fat-producing tissues (mammary gland) are relatively 
poorer in lipase than others which never normally contain or produce 
more than a small percentage of fat (lung, kidney, muscle). He con- 
cludes that quantitative comparison of fat and lipase in animal tissue 
gives no positive evidence in support of the theory of enzyme synthesis. 

Thiele (29) found that blood and chyle contain a ferment which can 
hydrolyze phosphatides but not fat, and also (30) that tissue extracts 
(excluding pancreatic extract) similarly cannot hydrolyze fat but can 
hydrolyze the phosphatides. 

Porter (31) found ferments capable of splitting ordinary fat (olein, 
stearin) present in most tissues but generally in the merest traces, 
except in the case of the pancreas, the amount of splitting taking place 
being so small as to be of no practical significance in a consideration of 
fat metabolism. Ferments capable of splitting lecithin were present in 
larger amounts. 
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In earlier work Kastle and Loevenhart (32) found that pancreatic 
extract was less active on ethyl butyrate than liver extract but the 
reverse was the case when fats were used as zymolytes. 

It appears desirable therefore to differentiate between enzymes which 
hydrolyze the fats readily—the true lipases—and those which work 
slowly on the fats but readily on the esters of the lower fatty acids and 
on lecithin and which may be called esterases. Lipases appear to be 
present in significant amounts only in the intestinal secretions of the 
pancreas and other intestinal glands, while the esterases are of quite 
general distribution. In view of the importance of lecithin as an inter- 
mediate stage in fat metabolism the esterases are therefore to be re- 
garded as potentially of considerable significance. Since fat is synthe- 
sized in the intestinal epithelium, the presence there of a true lipase 
must, however, be admitted and the question of the passage of fat out 
of these cells into the villi or into the leucocytes by the hydrolysis-syn- 
thesis method must be left open. 

The bile in fat absorption. Along with the abundant lipase supplied 
to the intestine there is secreted a similarly large volume of bile, the 
importance of which in fat absorption has been known for a long time. 
Although it furnishes no lipase, its exclusion from the intestine results 
in as much or greater loss of fat than the loss of the pancreatic secretion. 
Its main function appears to be in increasing the solubility of the fatty 
acids and soaps in the intestine and so aiding their transport through 
the absorbing cells (33). It also increases the activity of the lipases (34), 
increases intestinal peristalsis and provides materials which aid in 
providing optimum conditions for fat digestion. These later are alkali 
(carbonate and bicarbonate) to be used in the formation of soaps and in 
preserving the reaction of the intestinal fluids, and lecithin, mucin, ete., 
which stabilize the fat emulsions. 

Considering all the evidence together, there is every reason to believe 
that the fat is completely hydrolyzed into glycerol and fatty acids 
before it passes from the intestine. The split products are taken up 
by the epithelial cells and converted by them into fat which, depending 
on the rate of inflow from the intestine, is either passed on at once to the 
lacteals or stored temporarily. As to what happens to the fat from 
this time on to its appearance in the thoracic duct very little is known 
with certainty beyond the fact that before passing out of the epithelial 
cells the fat particles are reduced to invisibility. Whether this means 
re-hydrolysis or whether the division is a physical one is not clear, but 
since fat is synthesized in these cells there must be lipase present and 
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re-hydrolysis is at least a possibility. Heidenhain’s claim that the fat 
particles are expelled from the epithelial cells by contraction of the 
protoplasm is difficult to accept since the cells are fixed at the basal end 
and there is no more reason to assume an amoeboid character at this 
end than at the other. The leucocytes, in view of the work of Schaefer 
and later of Clark and Clark, undoubtedly do carry fat to the lacteals, 
but whether their function is of importance in intestinal absorption 
remains to be shown, the whole question depending on whether there 
are enough of them to do the work. As shown by Clark and Clark, the 
leucocytes have the power, like the epithelial cells, of building up large 
fat globules in their bodies and also of reducing them again to invisible 
size, but whether this involves a double hydrolysis and synthesis also 
remains to be proven, since lipase in significant amounts has not been 
demonstrated. Owing to the absence of lipase in amount sufficient to 
bring about these numerous hydrolyses and syntheses in the various 
tissues it appears better for the present to assume that the primary 
hydrolysis in the intestine and synthesis in the epithelial cells is the 
only one the fats undergo and that all further transport across cell 
walls is either as particulate matter in a fine state of division or by 
transformation into water-soluble substances of the nature of lecithin, 
for the hydrolysis (and therefore synthesis) of which enzymes are 
available. As will be seen later, both methods are probably employed. 

Passage of fat into the circulation. Fat absorption is generally dis- 
cussed only in connection with the passage of fat into the lacteals and 
the thoracic duct and so to the circulation indirectly since this seems to 
be the main and, up to the present, the only demonstrable path of 
absorption. What are the indications that fat may pass into the circula- 
tion in other and possibly more direct ways? It has never been possible 
to recover all the absorbed fat from the chyle of the thoracic duct, in 
fact about 60 per cent appears to be the maximum recoverable (35), 
—which would indicate either that some of the absorbed fat had been 
stored somewhere along the lymph tract or that some had been ab- 
sorbed directly into the blood stream. Evidence regarding absorption 
directly into the blood stream from the intestine is contradictory. 
Bornstein, under Heidenhain’s direction (36), compared the fat content 
of the carotid and portal blood at the height of fat absorption and found 
the fat content of the carotid artery to be slightly higher both in whole 
blood and in the dry residue than in the portal vein. D’Errico (37) 
found that during normal fat absorption the total solids and the fat 
content of the portal vein were always higher than those of the jugular. 
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After ligature of the thoracic duct the fat content of the dry residue of — 
the portal vein was still slightly higher than that of the jugular, but 
nothing like as high as would be expected. D’Errico’s experiments may 
be criticised from the fact that samples were not taken simultaneously 
but from one-half to one hour apart, and that absorption of all kinds 
from the intestine was interfered with by the operation since the total 
solids in the portal vein diminishes considerably. These experiments 
have been repeated recently by Zucker (38), with negative results. 
He ascribes d’Errico’s positive results to faulty technique and concludes 
that no marked participation of the blood vessels in fat absorption can 
be assumed. It seems therefore that although the possibility of absorp- 
tion of fat in small amounts by the blood vessels cannot be denied, 
there is no evidence yet available to prove it. It should be noted 
however that none of the methods used for the determination of fat can 
be relied on to give results accurate to within much less than 5 per cent 
of the true value, and in view of the extensive circulation through the 
portal system a difference of 2 or 3 per cent would account for a con- 
siderable absorption. It is perhaps significant in this connection that 
Clark and Clark found no attraction between blood capillaries and fat 
or leucocytes such as is exhibited between them and lymph capillaries. 
Excluding direct absorption into the blood the 30 to 40 per cent of 
absorbed fat which cannot be collected from the thoracic duct may be 
accounted for either by storage in some place along the lymph path or 
by entry into the lymph or blood systems by other channels than 
the thoracic duct. No such connection has ever been demonstrated and 
if present it is probably of little importance since when the thoracic duct . 
is tied off little or no fat reaches the blood (37), (39).2. As to the possi- 
bility of fat storage along the path of transport, fat is present in the 
epithelial cells and the intestinal leucocytes for some time after it has 
ceased to be absorbed from the intestine and it has been found in 
quite large amounts in the leucocytes in the lymphoid tissue of the 
intestine (Heidenhain, p. 85) even during fasting. Nevertheless the 
amount that could be stored in this way is probably not great, and in 
spite of the lack of evidence of direct absorption into the blood stream the 
probability is that some at least of the fat is absorbed in that way. The 


?' Too much weight should not be placed on results obtained by tying off the 
thoracic duct, for the shock caused by the operation and by the backing up of 
the chyle must be great, and the failure to demonstrate differences in fat content 


of the blood during absorption may indicate only that the fat is being removed 
from the blood as fast as it enters. 
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- direct evidence presented by Bornstein and Zucker against absorption 


into the portal system may mean only that their methods of measure- 
ment were not sensitive enough. 

TRANSPORT FROM THE BLOOD TO THE TISSUES: Changes in blood 
lipoids during fat absorption. ‘The larger and only traceable part of the 
fat from the intestine is delivered into the blood stream from the 
thoracic duct in the form of suspended particles of finely divided pure 
fat. Traces of soaps or fatty acids have been reported but these are 
little if any more than could be accounted for by the methods of separa- 
tion employed. The finely suspended fat in the blood is, as far as can 
be determined, exactly the same as that in the chyle—particles of 
about lu in diameter, vary even as to size and having a pronounced 
Brownian movement. During the time that this fat is in the blood and 
excepting only when little fat is being absorbed, there is to be noted a 
considerable increase in phospholipoid—‘‘lecithin’’—and sometimes 
also of cholesterol. The increase of lecithin is reported by all investiga- 
tors who have dealt with the lipoid changes in the blood during fat 
absorption (40). As far as has been determined, increases in lecithin are 
most marked in the corpuscles and since fat was increased in them 
also the inference seems justified that fat is being taken up by the cor- 
puscles and transformed into lecithin (40). The fact that further (un- 
published) experiments indicate that the increase in the corpuscles 
does not always take place need not invalidate the assumption since 
from work on persistent lipemia (41) it is probable that the lecithin 
soon passes from the corpuscles to the plasma. As regards cholesterol, 
while most investigators have not found any increase during fat absorp- 
tion (38), (40), (42), others (43) have noted increases. The differences 
in findings as regards cholesterol may be due to the fact noted by Isco- 
vesco that changes in cholesterol values generally do not come until 
late in the period of absorption and so may be missed if the observations 
have not been continued long enough. Undoubtedly also, when small 
amounts of fat are being absorbed no changes at all may be noted in 
cholesterol. Allowing that the increase of cholesterol in fat absorption 
is a normal event there appears to be a definite sequence in the lipoid 
changes following the appearance of large amounts of fat in the blood— 
the lecithin increasing first and then the cholesterol. It is probable 
that the increase of fat must reach a certain magnitude before lecithin 
is formed in notable amounts and that lecithin must be similarly in- 
creased before cholesterol begins to increase. In persistent lipemia 
both lecithin and cholesterol are increased along with the fat, the 
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cholesterol to a greater extent than the lecithin (41). In cases of per- 
sistent lipemia that have been studied from their beginning throughout 
their course (41) the same sequence in the appearance of fat, lecithin 
and cholesterol noted above may generally be observed, fat increasing 
first, then lecithin and finally cholesterol. At the subsidence of the 
lipemia, lecithin and cholesterol persist after the fat has gone and 
of these cholesterol persists longest. Since lecithin is almost certainly 
a factor if not a stage in fat metabolism its increase following increase of 
fat is readily explainable, but it is more difficult to account for the in- 
creases in cholesterol, since although it does to some extent (about one- 
third of its amount) form esters with the fatty acids, these are more 
difficultly saponifiable than the fats (while lecithin is more readily 
saponifiable) and can for that reason hardly be regarded as important in 
fat metabolism. Cholesterol and lecithin are known to be antagonistic 
in many of their relations in the living body and it may be that the 
increase of cholesterol following that of lecithin is a reaction whose 
purpose is to offset the injurious effects of an abnormally high con- 
centration of lecithin. 

Further evidence that lecithin (phospholipoid) may be of great if not 
of supreme importance in the transport of fat in and from the blood is 
provided by the work of Meigs and his co-workers (44) on milk-fat 
secretion in cows. These investigators found that during milk secre- 
tion the difference in the lipoid phosphorus values of the blood plasma 
before and after passing through the mammary gland is sufficient to 
provide the entire amount of fat secreted in the milk. Allowing for 
considerable errors in the calculations on which this assumption is 
based, the fact remains that a large proportion of the milk fat probably 
has its origin in the phospholipoid of the blood. There is considerable 
evidence of an indirect nature which may be brought to the support of 
the thesis that lecithin in the blood is the main form of transport of 
fat, and the precursor of fat in the tissues, and conversely, that fat in 
the tissues on entrance into the blood is changed to lecithin. While, 
as discussed above, it is improbable that lipases are present in the 
tissues in amounts sufficient to bring about the passage of fat to and 
from the cells by hydrolysis, all workers are agreed that there is abun- 
dant enzyme in the tissues for the transformation of lecithin (esterases, 
lecithinases). Lecithin is present in relatively large amount in the 
organ which is known to be most active in fat metabolism, e.g., the 
liver; also in the heart where a large reserve supply of readily available 
energy is required, and in the brain where, although the energy exchange 
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is not great, the conditions for the energy transformation must be very 
exactly adjusted. Lecithin is the only compound of the fatty acids 
(with the exception of the soluble soaps which are known to be toxic) 
which is miscible in water and which can therefore readily follow the 
lines of water transport. These, together with the observation that 
lecithin is formed in the blood during fat absorption, present a strong 
argument for the belief that it is the main form in which fat is moved in 
the animal body. 

On the other hand it cannot be denied that fat may be removed 
from the blood, at least temporarily, in other forms than as lecithin. 
During fat absorption, and at other times of large fat transport, as in 
fasting, diabetic lipemia and in phosphorus and other poisoning, the 
liver is found loaded with fat, mainly as such although the lecithin 
content of the liver, if not greater at the time, is generally soon increased 
(45). Fine emulsions of colored or otherwise marked fat when injected 
into the circulation are found to collect in certain definite places—the 
liver, bone marrow, spleen and muscles in the order named (46), in 
which respect the fat particles behave in the same manner as particles 
of other foreign matter. For this reason a brief review of the factors 
involved in the removal of finely particulate matter from the blood is 
desirable. Evans (47) has called attention to a group of endothelial 
cells, called by him macrophages, which are found in the vascular sys- 
tem at just those places mentioned above where injected fat is found 
to have collected, i.e., capillaries of the hepatic lobules, capillaries and 
venules of the spleen, capillaries and venules of the bone marrow, capil- 
laries and venules of the hemal glands, lymphatic sinuses of the 
lymphatic glands. Other macrophages which are more or less fixed 
include reticulum cells of lymph glands and similar cells in the splenic 
pulp and bone marrow which are probably endothelial; also cells not 
directly related to the endothelium designated variously as clasmocytes 
or wandering cells. Besides these there are free macrophages—mono- 
nuclear cells found in the serous cavities, in the lymphatic sinuses of 
lymph glands, in the splenic and hepatic cavities but rarely observed in 
the peripheral blood stream. Recently Simpson (48) in Evans’ labora- 
tory has studied these cells experimentally and has outlined conditions 
under which vast numbers of these macrophages may be set free in 
certain portions of the circulation. A characteristic feature of the 
macrophages is the presence of abundant, various sized and often 
delicate pseudopodia which may cover their surface and which would 
indicate at once their function in engulfing whatever free particles were 
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attracted to them. The phagocytic nature of many of these groups 
of cells has long been known and it is easy to demonstrate with certain 
dyes, colloidal metals, ete. The actual demonstration of the phago- 
cytic activity of these cells toward the finely suspended fat present in 
the blood during fat absorption has never been made, but from the 
general observation of Bondi and Neumann (see above) that injected fat 
may be found in just those places where these cells are known to be 
abundant, gives a strong indication that they are concerned in the 
removal of suspended fat from the blood. That lipoids accumulate in 
these cells has also been known for some time (49), and the parallelism 
between the distribution of the vital dyes and the fat bodies has been 
pointed out. Also it is precisely these cells filled with anisotropic 
lipoids (cholesterol esters) which constitute the xanthoma and xan- 
thelasma cells and it is especially significant that animals fed for a long 
time on cholesterol suffer a very general conversion of their wandering 
cells into xanthoma cells (Evans, p. 257). Whether the fat so taken 
up is passed on from these cells into the tissues or whether it is stored 
there temporarily to be given up to the blood stream later for trans- 
formation into lecithin cannot be surmised, but it is known that dye 
granules may remain in these cells for a long time. 

PASSAGE FROM THE TissuES: Fat in the tissues. Lipoid material 
exists in the tissues in several forms, of which fat, phospholipoid (leci- 
thin, etc.), cholesterol and cholesterol esters are present in largest 
amounts and are best known. The phospholipoid has been found to be 
characteristic of the organ, e.g., always more abundant in the kidney or 
liver than in the muscles. In different animals of the same species it 
varies relatively little and although the variation is somewhat greater in 
different species the values are quite constant. The content does not 
vary with alimentation (50). A characteristic relation between 
cholesterol and the fatty acid content of most tissues has also been 
noted (51). Inanition produces a rise (which may be only relative) in 
cholesterol in the tissues, especially the muscle and liver (52), and in the 
lipoid phosphorus (53) especially in the lungs. The fatty acid content 

Fatty acid 
Lipoid phosphorus 
below normal and much lower than in any phospholipoid so far isolated, 
indicating that some of the lecithin present may contain only one fatty 
acid group instead of two as normally. 

The main form in which lipoid material is stored in the organism is 
however as fat and although there are but few locations in the organ- 
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ism where traces of fat may not be found it is in general laid away in 
a special tissue—the adipose tissue—which is collected characteristically 
in definite locations (54). There is a considerable layer under the 
skin—the panniculus adiposus, around the internal parts—the kidney, 
filling up furrows in the heart—in various situations beneath the serous 
coats or between their folds as in the mesentery or omentum, around the 
joints, in large amounts in the bone marrow, often in large amounts 
between the muscle fibers and occasionally in the muscle fibers them- 
selves. ‘The adipose tissue always has a copious blood supply and the 
lymphatics of the fat tissue are in close relation to the blood vessels. 
The adipose tissue is modified connective tissue which apparently is 
predestined to act as a fat store from the early stages of development 
(55). Other portions of connective tissue may be pressed into service 
as required, developing a special blood supply for the occasion and 
passing back to ordinary connective tissue again when it gives up its 
fat, which is not the case with true adipose tissue. 

Fat may be deposited in many cells other than the adipose tissue— 
cartilage, liver (especially during fat absorption from the intestine), 
epithelium and in the muscle fibers. In many of these locations the 
fat deposits are independent of the nutritional condition of the body 
whereas those in the adipose tissue vary with it. Greene has made a 
study of the storage of fat in the Pacific Coast salmon at various times 
in its migration from the sea to the spawning grounds and his data are 
of special interest in connection with the storage of fat in muscle tissue 
(56). In the dark muscle, fat is stored chiefly within the fibers but to 
some extent between them. In the pink muscle (the great lateral 
muscle of the body) fat is stored wholly between the fibers. In the 
constantly active fin muscles there is only a small amount of stored 
fat which is chiefly between the muscles. After feeding ceases the fat 
slowly disappears but is never wholly consumed although greatly 
reduced at the time of death. 

The liver is generally regarded as a temporary fat storehouse and 
there are many observations on record to show that fat accumulates 
in this organ under a great variety of conditions. Thus during fat 
absorption (57) the fat of the liver is increased. In the course of poi- 
soning with many substances, e.g., phosphorus, the liver generally 
becomes loaded with fat. Delayed chloroform poisoning is accom- 
panied by a fatty liver. The condition occurs in chronic alcoholism 
(58), often in fasting (60) and in diabetic lipemia (59). The frequency 
with which the liver becomes loaded with fat under such diverse condi- 
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tions has led Leathes (61) and Hartley (62) to the belief that the liver 
is an important temporary storehouse for the fat passing out from the 
tissues and they bring evidence to show that changes preparatory to 
combustion (desaturation of the fatty acids, combination into lecithin) 
are brought about there. All workers are not in agreement with them 
in the belief that the liver is a fat storehouse. Thus Terroine and Weill 
(63) report that the remarkable constancy of the fatty acid content of 
the liver and the difficulty of diminishing the content by inanition or of 
increasing it by hyperalimentation leads them to the belief that the 
liver is not a storehouse of fat. In a study of the fat changes in the 
liver in geese under forced feeding, Mayer and others (64) found that it 
was only in the later stages of feeding when the other fat depdts are 
full that the liver and blood load up with fat. They conclude that 
there is nothing in their experiments to show that the liver acts nor- 
mally as a fat storehouse. Terroine (52) found that the liver preserves 
its fatty acid content after several weeks of fasting. In hyperalimen- 
tation it does not increase except in immature animals. Bell (55), in 
studies on fat cattle, found fat in the hepatic cells of two moderately 
fat animals while none was found in the very fat animals. He con- 
cludes that there is no relation between the presence of fat in the liver 
and the nutritive condition of the animal. 

Fat is laid down in the cells of the adipose tissue of animals in the 
same way as has been noted for the epithelial cells of the intestine—ap- 
pearing first as fine droplets which gradually becoming larger, fuse with 
each other until the cell is filled with a single large globule of fat. In 
plant cells which store fat, droplets are never seen (65). The fat is so 
finely divided and so intimately mixed with the other constituents of 
the protoplasm that individual droplets cannot be distinguished even 
with the highest powers of the microscope, and only on germination 
visible fat droplets are found. It is as though the fat has been present 
in colloidal form and that flocking out took place only as a result of the 
swelling produced by germination. This condition is interesting 
because it is never known to occur in storage cells of animals. 

In the laying down of fat in the adipose tissue the cells adjacent to the 
blood vessels are filled first and the filling extends outwards in all 
directions, which has also been found to be the case with the liver (55). 
As to what elements or constituents of the cells are concerned with the 
laying down of fat, very little is known. Certain granules (Altmann’s 
granules) (66) are always found in cells (55) (intestinal epithelial, adi- 
pose tissue, etc.) which are concerned with the storage of fat but too 
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little is definitely known regarding them to warrant extended dis- 
cussion at this time. The possible rdle of a lipase or esterase in the 
transfer of fat in and out of these cells has been discussed earlier in 
the paper. 

When the stored fat is required by the organism it is removed from 
the adipose tissue first and the removal continues until these cells are 
practically empty, while even in death by starvation the fat content of 
other tissues may not be greatly changed (67), (52), indicating that the 
supply of fat in these cells if used at all is being continuously replenished 
from the blood. Thus Greene (56) found that the fat inside the muscle 
fibers of the migrating (fasting) salmon is present in all specimens at all 
stages of the migration and its quantity is remarkably uniform. At the 
time of death considerable quantities are still present in the smallest 
fibers. This fat is not observable in these muscle fibers when the ani- 
mal is feeding but appears only when feeding stops. 

As regards the stimulus to the outflow of fat from the stores very 
little is known other than that it is obviously the result of inanition of 
the tissues caused either by direct deprivation of food or by poisoning. 
As to the immediate stimulus, the disappearance of glycogen from the 
liver (and other tissues) has been suggested (68) and an antagonism 
between glycogen and fat in the tissues has been suspected. Extensive 
bleeding has been found to cause an outflow of fat from the tissues of 
certain animals (41) but this again may be the result of inanition due to 
anemia. 

Effect of transport of fat on the blood lipoids. The outflow of fat from 
the tissues into the blood may or may not cause an increase in the blood 
lipoids depending on the balance between the inflow from the stores and 
the outflow to the tissues in which fat is being utilized. If inflow and 
outflow are equal, the blood lipoid level remains constant. If the inflow 
is greater than the outflow, due either to flooding the organism with 
fat beyond its capacity to deal with it as in the lipemia produced by 
bleeding and also that occurring in the early days of fasting, or to 
diminished power of the tissues to remove fat from the blood as in 
diabetic lipemia (41), then the blood lipoids increase until sometimes a 
visible milkiness (lipemia) is produced. There may however be con- 
siderable increases in the lipoids before there is visible lipemia and it 
cannot be assumed that the increases in this case are due to “‘soluble”’ 
lipoids such as lecithin alone, since cholesterol and fat may both be 
increased. The form of occurrence of the latter substances then 
becomes a matter of interesting speculation. 
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That there is a tendency toward constant values for the lipoids of the 
blood both in plasma and especially in the corpuscles in the normal 
animal seems now to be pretty well established (69), and whenever the 
amount of fat shifted is not too great the blood preserves its constancy 
of values. After ingestion of considerable amounts of fat the lipoid 
level and balance is disturbed as noted above. In fasting it may or 
may not be (70), depending apparently on the nutritional condition of 
the subject (71), or rather perhaps on the availability of the stored 
fat, since it is apparently the case that fat may be more or less loosely 
stored, with the result that the stimulus of hunger may produce an 
excessive or merely adequate outflow depending on the nature of the 
storage. It is significant that the increases in blood lipoids in fasting 
take place only in the first days, and after that the lipoid content re- 
mains constant or slowly diminishes till the death of the animal (Daddi, 
Terroine). Similarly those substances which cause a transfer of fat 
from the fat stores via the blood such as narcotics, phosphorus, etc., 
may or may not cause an increase of blood lipoids, probably for the 
same reasons. Great hemorrhage in certain animals (rabbits) produces 
an outflow of fat into the blood far greater than the normal mechanism 
can take care of, and the result is a lipemia. In other animals (dogs) 
it is apparently impossible to produce a lipemia by hemorrhage, 
probably for the reason that in these animals the ability to handle fat 
is much greater than in rabbits, which are not accustomed to much fat 
in their diet (41). In all cases examined of lipemia lasting for more 
than a day or two, not only the fat but also lecithin and cholesterol 
are much above normal. 
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THE WATER BALANCE OF THE BODY 


LEONARD G. ROWNTREE 
The Mayo Foundation, University of Minnesota 


Water balance may be defined as the daily relation between the total 
amount of water entering the organism through the ingestion of liquids 
and food and the total output of water lost from the body by way of the 
kidneys, bowels, lungs, and skin. In the intake must be included the 
water of oxidation. 

For the maintenance of health the intake must be sufficient to main- 
tain the amount of water in the body tissues necessary for maximal 
efficiency in metabolism and in the execution of other physiologic 
processes. This involves the removal of waste products and the dis- 
sipation of heat. Since heat dissipation constitutes one of the important 
factors governing the measurement of water in the organism, loss of water 
by the skin and respiratory tract will be discussed in considerable detail. 
Although the loss of water by the skin and lungs, on the one hand, and 
by the kidney on the other, are to a certain extent inversely propor- 
tional, the function the water serves in excretion by these channels is 
different and can not be interchanged vi ariously. 

Water is essential to the life and function of every living cell. While 
its importance is and always has been known, its unique properties are 
not, and have not been so clearly recognized. 

In his recent book, Henderson attempts to give to water due recog- 
nition. He says: 


In physics, in chemistry, in geology, in meteorology, and in biology nothing 
else threatens its preéminence. The physicist has, perforce, chosen it to define 
his standards of density, of heat capacity, and so forth, and as a means to obtain 
fixed points in thermometry. The chemist has often been almost exclusively 
concerned with reactions which take place in aqueous solution, and the unique 
chemical properties of water are of fundamental significance in most of the 
departments of his science. . . . . The actionof waternow appears tobe far 
the most momentous factor in geological evolution. The meteorologist perceives 
that the incomparable mobility of water, which depends upon its peculiar physi- 
cal properties and upon its existence in vast quantities in all three states of solid, 
liquid, and gas, is the chief factor among the properties of matter to determine 
the nature of the phenomena which he studies; and the physiologist has found 
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that water is invariably the principal constituent of active living organisms. 
Water is ingested in greater amounts than all other substances combined and it 
is no less the chief excretion. It is the vehicle of the principal foods and ex- 
cretory products for most of these are dissolved as they enter or leave the 
body. 


In closing the chapter on water, Henderson goes on to say: 


Water,of its very nature, as it occurs automatically in the processes of cosmic 
evolution, is fit, with a fitness no less marvelous and varied than that fitness of 
the organism which has been won by the process of adaptation in the course of 
organic evolution. If doubts remain, let a search be made for any other sub- 
stance which, however slightly, can claim to rival water as the milieu of simple 
organisms; as the milieu intérieur of all living things, or in any other of the count- 
less physiological functions which it performs either automatically or as a result 
of adaptation. 


Water constitutes more than 70 per cent of protoplasm, the structural 
basis of organic life. Hence it follows that water is of the greatest 
significance to life. Indeed by some physical chemists, protoplasm is 
looked upon as essentially an aqueous solution in which are spread out 
colloidal substances of the greatest complexity. Although we are accus- 
tomed to look upon the cell as the seat of metabolism, it is not so clearly 
recognized that water constitutes the medium in which the chemical 
changes of metabolism occur, that as a miliew intérieur it is essential 
to life, and that it is fundamental to practically all physiologic proc- 
esses. 

Rubner early called attention to the fact that in starvation an 
animal can lose practically all his glycogen and fat, and half his 
body protein, approximately 40 per cent of body weight, and still 
live, whereas the loss of 10 per cent of the water content of the body 
results in serious disorders, and the loss of from 20 to 22 per cent results 
in death. 

The necessity of water in biologic processes is universal. Animals 
whose habitat is far removed from sources of water are favored with 
special mechanisms for their protection during water deprivation. Thus 
the camel not only has a system of stomachs most capacious and 
effective for carrying its water supply, but it has humps with great stores" 
of fat which furnish large amounts of water of metabolism, a thick coat 
of fine hair which minimizes water evaporation, and a digestive tract that 
wastes no fluid, and permits dry stools only. Certain species of the 
moth,' are provided with a most effective mechanism whereby their 


1 The clothes moth, the bee moth, the four spotted pea weevel, and the Medi- 
terranean flour moth, 
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own supply of water is furnished through metabolism. It has been 
demonstrated that they may live for long periods in a desiccator on 
food which contains but from 5 to 10 per cent of actual water and bring 
forth larvae containing from 50 to 80 per cent of water (Babcock). 

In relation to the duration of life, water occupies a position inter- 
mediate between food and oxygen; is more vital than the former, and 
less vital than the latter. Some data bearing on the relative importance 
of these three essentials is shown in table 1. 

THE CONSTITUTION OF WATER. As commonly accepted, the con- 
stitution of water is H,O and the molecular weight 18. That this 
holds true only under limited and unusual conditions has been proved 
recently largely through the work of Réntgen, Armstrong, Eétvos, 
Ramsey and Shields, and Sutherland. The percentage composition of 
water, two atoms of hydrogen to one of oxygen, was proved by Caven- 
dish’ in 1781, although the true explanation of his results was not apparent 
until the experiments of Lavoisier in 1783 (Bayliss). 

The physical properties of water especially its freezing and boiling 
points, do not coincide with those of a simple compound containing 
three atoms only of gases with extremely low freezing and boiling points. 
If it were so constituted, its freezing point would be —150°C. and its 
boiling point —100°C., in comparison with other similar compounds 
(Bayliss). Its high critical temperature, cohesion, refractive index, and 
high surface tension all indicate that its formula is more complex than 
H.O. That this is true is widely accepted, at least for temperatures 
lower than 400°C. 

Practically all investigators are agreed that water is a multiple or 
polymer of H.O. Réntgen first suggested that all abnormal properties 
of water could be accounted for qualitatively by assuming liquid water 
to be a saturated solution of ice in some other form of water. From a 
study of surface tension energy, Eétvos concluded that liquid water 
must be a polymer of H.O. Ramsey and Shields computed from the 
surface tension that the formula at the boiling point must be (H2QO)s, 
and in ice (H2O),, a result arrived at earlier by Eétvos. Determinations 
of the freezing point of solutions of water in other solvents point to the 
formula (H.O)>. Sutherland has attempted to prove that steam is 
represented by H,O, termed hydrol, and ice by (H,.Q)3, trihydrol, 
liquid water being (H.O)>., a mixture of trihydrol and dihydrol. 


2 For the discussion of constitution of water see: Millard: Physical chemistry 
for colleges. New York, McGraw, Hill, 1921, p. 63. 

8 The discoveries of Watt and Cavendish have been discussed at some length 
by Buckle, History of Civilization in England, New York, Appleton, ii, Pt.2, p. 414. 
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As to the actual number of molecules existing in the various polymers 
opinions still differ. Bayliss says, “The balance of evidence appears to 
be that ice is trihydrol, steam monohydrol, and liquid water mostly 
dihydrol with varying amounts of the two other polymers according to 
temperature,” and he looks upon water as a ternary mixture. From 
the foregoing it is obvious that water represents polymerized forms of 
H,O but that the exact formulae of water in its various phases, ice, 
water, and steam, have not as yet been definitely determined. 

The cause of the marked association of water is ascribed to the extra 
valence of oxygen. That oxygen is tetravalent at times is accepted by 
some authorities as proved. 

When water combines with salts, the water may be present as hydrol. 
The degree of complexity of liquid water is supposed, according to 
Sutherland, to be altered not only by temperature variation but also 
when it acts as a solvent, a positive ion converting trihydrol into 
dihydrol and a negative ion causing a reversal of this change (Turner). 

WATER INGESTION AND EXCRETION. Normally, water sufficient forthe 
needs is taken daily in the form of liquids and food. Little or no water 
is absorbed in the stomach. It passes on into the intestine almost 
immediately, in small spurts occasioned by the contractions of the 
stomach. Taken without food, the passage of water into the intestine 
is but a matter of a few minutes or at most of from 4 to 1 hour; 495 ce. 
of 500 ec. ingested has been recovered from the duodenum within 25 
minutes (Von Mering). When taken with food, 2 or 3 hours or more are 
required. Constriction of the intestinal vessels retards and dilatation 
increases absorption (Sollmann, Hanzlik and Pilcher). From the intes- 
tine it is absorbed rather quickly, the rate depending in part on whether 
or not it is mixed with food and also probably on the degree of saturation 
of the body. A small proportion probably remains in the intestine and 
passes from the body in the stools. It is absorbed from both small and 
large intestine. After absorption it becomes a part of the water of the 
organism and plays its rdle in one or another of the various phases of 
metabolism or in the execution of some physiologic function on the part 
of some tissue or organ. It may circulate in the blood or lymph stream, 
it may play a part in any of the numerous hydrolytic or oxidative 
reactions; it may constitute the water content of the tissues or of one 
organ as a liquid phase of colloidal solution or as water of hydration, 
it may serve as the vehicle of transportation; it may be excreted by one 
organ, only to be carried elsewhere to another field of chemical reaction, 
or it may act as a lubricant on some glistening surface subject to friction. 
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It reaches every cell in the organism, and through its properties fur- 
nishes the opportunity for chemical reactions, for changes in physical 
state, and for energy transformation. 

Having served these functions it continues to serve in its excretion 
by way of the kidneys, bowels, lungs or skin, and appears finally in the 
urine, feces, sweat, visible or invisible, or as moisture in expired air. 
The proportions excreted by these different channels vary greatly from 
time to time in the same individual even in health, depending upon the 
influence of almost innumerable factors, many of which will be con- 
sidered later. 

In health, despite the complexity of the réle in metabolism, water 
is ingested and excreted in balanced amounts so that the water con- 
tent of the tissues remains practically constant and at a level of maxi- 
mum efficiency. The mechanism works smoothly and automatically. 
The sensation of thirst indicates the needs of the body, and the sensa- 
tion of distention of the bladder or bowels the desirability of evacuation. 

The maintenance of supply. If water is excreted it must be replaced in 
order that metabolism may proceed at its maximum efficiency. The 
need of the body for water is determined largely by environment and 
metabolism. Water is ingested intermittently as drink or food and | 
ejected intermittently in the urine and stools. But it is supplied con- 
tinuously to the cells and is also lost continuously by way of the lungs 
and skin. 

Clinical studies of water balance. As ordinarily conducted, clinical 
studies of water balance are grossly inaccurate, in that they take account 
as a rule only of the fluids ingested and of the fluids excreted in the urine 
and feces. Fortunately the weight of the patient is usually followed, 
which serves as a valuable control. 

The accurate determination of water balance is a matter of consider- 
able complexity and cannot be carried out satisfactorily except in a weil 
equipped metabolic laboratory. The table of Soderstrom and Du- 
Bois illustrates the various factors entering into consideration of 
water balance and indicates the need of scientific training and of 
technical facilities in undertaking its determination (table 2). 

A historical sketch of water balance studies. The first reference to the 
importance of determining the water balance is made by Celsus in 
De Medicinae, in which he says, in a discussion of dropsy, “ Nor is it 
improper to measure both the drink and the urine; for if more fluid is 
excreted than is taken, so at length there is hope of good health.” He 
further quotes Asclepiades as having instituted abstinence for two days 
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in dropsy secondary to malaria. Araeteus, the Cappadocian, noted 
disturbances in the urinary output in diabetes. He says of it: “ Dia- 
betes is a wonderful affection, not very frequent among men, being a 
melting down of the flesh into urine.”’ However, he left no records of 
quantitative studies of water exchange. Sanctorius, a friend of Galileo, 
was the first to attempt comprehensive studies in water metabolism. 
While the latter was engaged in the creation of the science of physics | 
and mathematics, Sanctorius, through his assistance, was engaged in 
applying the thermometer and balance, that is, the tools of science to 
problems of physiology. In 1614, in his book, De Statica Medicina 
Aphorismorum, he published the results of years of investigation on 


TABLE 2 
Water balance 


Water intake: grams 
eee ee 300 
EEE OEY OE LT 580 
eee. cdabne abe beenavensep wan 720 
From oxidation of 100 grams of protein ......................00. 41 
From oxidation of 100 grams of fat... .............0ccccccccccecs 118 
From oxidation of 244 grams of carbohydrate.................... 135 

1894 
Water output: 
EE ee er 750 
ES CECA Sng ch dp eos pelecndhivddvnacencbecerepens 300 
Vaporized through skin and respiratory tract.................... 700 
1750 
Se ee S ae 144 
EE a es one eT ee ie 100 


increases and decreases in his own body weight and upon the factors de- 
termining these variations. He compared the weights of food and drink 
taken daily with the weight of the urine and feces discharged. From 
these data and the variations in the weight of his body he deduced the 
“quantity of material lost by insensible transpiration through the skin 
and lung.” 

Only when science had advanced to the stage where the nature of the 
chemical processes concerned could be appreciated (1840-1850) were 
more comprehensive studies of metabolism undertaken. Then in rapid 
succession came many fundamental investigations dealing with general 
metabolism including that of water, which were followed some time 
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later by the important studies of water loss of Pettenkofer and Voit, 
and Rubner, and Wolpert. Within very recent years have come the 
more exact calorimetric studies of Atwater and Benedict, of Benedict and 
Carpenter, and of DuBois, and the ingenious study of Lombard of the 
weight loss each minute by transpiration. 

THE WATER INTAKE: Water and beverages. Generally speaking more 
water is ingested than is required by the economy. ‘The chief source of 
the fluids of the body is water per se, large quantities being consumed 
also in the form of beverages, such as tea, coffee, cocoa, milk, carbonated 
waters, and spiritous liquors. Their ingestion results in part from 
appetite and habit rather than from true thirst. The rdle of age and 
several other factors will be discussed later. 

Water and solid food. More water is ingested in food than is generally 
recognized. In an ordinary diet as much as a liter of water a day may 
be taken in the form of so-called solid foods, taking into account the 
water contents of these foods and also the water resulting from their 
oxidation. In table 3 are tabulated a number of so-called solid foods, 
their percentage of water, weight of average servings, and their caloric 
values. From this table has been purposely omitted all food such as 
soups, custards, and compotes in which the high content of water is 
generally recognized. The number of foods with water content of 
more than 50 per cent is certainly striking. 

The distribution of food in nature is singularly interesting. In the 
tropics, where the loss of fluid from the body is excessive, foods rich in 
water abound. In the arctic regions, fat constitutes a large part of the 
diet and water of oxidation plays a relatively larger part. 

W ater of metabolism. The sources of water of metabolism are a, oxida- 
tion of organic matter in intracellular respiration; and b, other changes 
in the molecular structure of substances entering into the composition 
of cells and tissues, such as syntheses, concerned in the building up of 
dextrose into cellulose or starch, or of amino acids into complex 
proteins. 


Magnus-Levy calculated the amount of water formed in the oxidation 
of foodstuffs as follows: 


100 grams of fat give 107.1 grams of water 
100 grams of starch give 55.5 grams of water 
100 grams of protein give 41.3 grams of water 
100 grams of alcohol give 117.4 grams of water 


An ordinary mixed diet yields in the neighborhood of 300 grams of 
water. Magnus-Levy stated that a 2000 calorie diet yields approxi- 
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TABLE 3* 





FOOD 








Asparagus, canned... 
Tomatoes, fresh...... 
Tomatoes, canned... . 
Brussels sprouts, 
| i ea 


‘etwas 


I ite ha i 
Onions, boiled....... 
Buttermilk........... 
Strawberries......... 
Spinach, cooked...... 


Beet greens, cooked.. 


Peaches........ ar 
ee 
Koumiss........... 
Beets, cooked......... 
Oysters, solids... 


Egg whites........... 
Peas, canned......... 


PD Se eG beet ves ov |! 
Haddock, fresh....... 
Clams, solids........ .| 


Prunes........ 








aE 
oun | 
50; 8 
25 | 44 
100 | 17. 
50) 9. 
100 | 18 . 
100 | 23. 
100 | 23 
100 | 21 
100 | 25 
100 | 27. 
100 | 29: 
| 50] 15 
100 | 41 
100 | 36 
100 | 40 
100 | 22. 
100 | 25. 
| 100 | 42: 
100 | 44:: 
100 | 53 
100 | 40 
| 100 | 50 
3} 100 | 51 
! 100 | 71. 
100 | 52 
32 | 17 
3; 100 | 56. 
100 | 64. 
100 | 63.2 
100 | 64.¢ 
| 100 | 73.: 
8 100 | 75 
100 | 80 


Water content cbove 50 per cent 





FOOD 


Cod steaks, fresh.... 


ET es 


CO” eae 
8 Lima beans, canned.| 
96}, Macaroni, cooked... 

Brook trout......... 
8| Green corn, canned... 


Potatoes, boiled... . | 
| Halibut...... 


Bananas......... 
0 ee a 


Cream, 18 per cent.. 


Mackerel............ 


| Egg, boiled......... | 
Rice, boiled......... 
Cottage cheese..... .| 
0 
| Liver.... 
| Sweet breads....... 
ee 
| Chicken, white meat 

| Lamb leg, roast... .| 


Pork tenderloin..... 


Salmon, fresh.......! 
Salmon, canned..... | 
Sirloin steak........| 
LL. are 
Turkey, white meat.| 5 
Pork and beef sau- 


Ss cn xa se 


Sardines, canned....! 


Corned beef 


Ham, boiled, smoked 
Mutton leg, roast... 














WATER 





70.! 
70.: 
| 67. 
| 66 5) 
64.6) 
63. 
61.¢ 
60. 


| AVERAGE 
SERVING 


qr 


oO 


or 





on ~ ib o 


= 


~] 











—_ 


CALORIES 





81.32 
88.9 
83.98 
79.0 
91.03 
98 .25 
100.52 


88 .67 
124.62 
101.11 
82.0 
200.75 
142.7 
56.3 
112.45 
56.3 
147.24 
132.46 
191.41 
163.5 
158 .57 
198.81 
198.39 
209 .24 
208 .47 
249 54 
240.35 
187.43 








303 .67 
277.51 
276.16 
290.84 


100 312.68 





* Table prepared by Mary Foley, dietitian of the Mayo Clinic. 
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mately 240 grams and a 4000 calorie dict, 480 grams of water, or about 
12 grams for each 100 calories. 

Intracellular metabolic water results in dilution of cell contents, 
which disturbs the osmotic equilibrium between the fluids within and 
without the cell, which occasions movement of nutriments by osmosis 
to these centers of dilution and of water and carbon dioxid in the oppo- 
site direction.*- Asa result the water of metabolism plays a unique part 
and one that cannot be duplicated by water derived from outside the 
cell. This holds true for protoplasm of both the animal and the vegetable 
kingdom. Relatively, the water of metabolism forms a large percentage 
of the water required for vital processes in animals; indeed in some 
animals it supplies the entire need of the economy over long periods of 
time. In animals, also, the water demand for the excretion of waste 
products is large, but in those having little or limited access to water 
the end products of nitrogen metabolism appear in solid form, that is 
uric acid, which is relatively non-toxic and the hydrogen content of 
which is very low. In many of these animals the metabolism is such 
as to protect them to the uttermost against loss of water. This is espe- 
cially striking in certain animals in arid districts, serpents, prairie 
dogs, mice, sheep, birds, and, as already mentioned, camels, and certain — 
varieties of moths (Babcock). 

Hibernation. In hibernation animals depend for long periods solely 
on their water of metabolism. Well nourished and well padded with 
fat, they enter their long sleep. Metabolism proceeds at an extremely 
low level, but moisture is constantly given off by the lungs. The fat 
furnishes the greater part of the water, protein metabolism being at a 
minimum. In some instances the thick coat of fur, close quarters, and 
low temperature usually keep water loss by way of the skin at the lowest 
possible level (Babcock). 

The nature of the sensation of thirst. Thirst is the index to the body 
need of water. It is a sensation of dryness of the mouth and throat 
accompanied by a desire for water. It develops automatically with 
the need of furnishing the fresh supply of water to the organism. 
Like hunger it is a part of the replenishing mechanism of the body, and 
like hunger it has been the subject of considerable physiologic investi- 
gation. Hunger and thirst must be distinguished from appetite, which 
develops as the result of habits in eating and drinking. 


‘This view which has been presented among others, for instance by Babcock, 
presupposes the presence of cel! membranes. 
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No doubt exists concerning a, the reference of thirst sensation to the 
mucous membrane of the mouth, pharynx, root of the tongue, and 
palate; or b, the scantiness and stickiness of saliva and mucous in the 
mouth during thirst. The latter has been emphasized strikingly by 
King, a medical. officer who studied a troop of cavalry which was lost 
for 33 days without water in the torrid “Llano Estacado” in Texas. 
He states that long before the third day salivary mucous secretions had 
disappeared from the mouth and that “brown sugar would not dissolve 
in the mouth.” 

Dryness of the mouth may result from local or general causes. 
Among the local causes are breathing hot dry air, prolonged speaking 
and prolonged chewing of dry food. In public speaking or singing, 
fear may constitute an additional factor. 

The general causes include factors reducing the general fluid content 
of the body through excessive loss resulting from profuse sweating, 
diarrhea, polyuria, lactation or from hemorrhage and shock. Two 
rival theories of thirst have arisen; one ascribes it to a local sensation 
and the other to a general sensation or tissue thirst. 

The chief argument favoring local sensation is the abolition of thirst 
by the application of local anesthetics to the mucous membrane of the 
mouth and throat in diabetes insipidus (Lepidi-Chioti and Fubini) and 
in dogs (Valenti). Against this, Wassilief has argued that swallowing 
is made difficult or impossible by local anesthesia, which in turn is 
denied by Valenti. In arguing against it we might also refer to our 
own experience in which the local application of cocaine, pushed in one 
case to the point of constitutional toxicity, failed to decrease the water 
intake in diabetes insipidus. In its favor we might suggest that the sen- 
sation of hunger has been proved to be local in origin and that the sensa- 
tions attending bowel and bladder distention are also local in character. 

The view that thirst.is a general sensation is stated by Schiff: “It 
arises from a lessened water content of the body, a condition from which 
the whole body suffers. The local reference to the pharynx, like the 
local reference of hunger to the stomach, is due to association of 
experiences. Thus the feeling of dryness in the mouth, although it 
accompanies thirst, has only the value of a secondary phenomenon, 
and bears no deeper relation to the general sensation than the heaviness 
of the eyes bears to the general sensation of sleepiness.” 

The evidence on which the theory of general sensation is based con- 
sists of a, the abolition of thirst in dogs through the injection of water 
into the veins (Dupuytren, Orfila); and in a patient suffering from 
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hydrophobia (Magendie); b, the striking thirst and the failure of in- 
gested water to relieve it in dogs with open gastric fistulas, an experi- 
ment devised by Claude Bernard. He says, “As the animal became 
thirsty, it would drink until fatigued, and when rested it would begin 
again; but after the fistula was closed, drinking quickly assuaged the 
desire for water;’’ c, dogs continue to drink water after the section of 
the glossopharyngeal, lingual, and vagus nerves on both sides (Longet); 
and d, increase in osmotic pressure occurs in thirst as indicated by the 
freezing point in conditions naturally accompanied by thirst (Mayer). 

According to Cannon these findings do not necessarily indicate that 
the sensation of thirst is general. Each is capable of interpretation 
other than that suggested by the investigator, thus: a, the abolition of 
thirst by parenteral administration of water may result in more copious 
secretion of saliva which, acting locally, relieves thirst; b, Bernard’s 
interpretation has been challenged by Voit, who points out that the 
drinking of water under these conditions moistens the throat only 
temporarily and does not compensate for decreased salivary secretion 
resulting from depletion of the body of water; c, the continuous drinking 
after section of the nerves to the mouth may be due to habit or appetite, 
even if all the branches of the nerves are severed, which is usually not the 
case (Voit); and d, increase in osmotic pressure in thirst does not arise 
until after two or three days of water deprivation, at which time animals 
with slightly hypertonic blood will drink salt solutions with apparent 
relief, while dogs with markedly hypertonic blood drink hypertonic 
salt solution repeatedly without relief (Wettendorff). 

Cannon believes that “in each condition a general bodily need has 
arisen from a lack of essential bodily material and is signaled by a 
well-defined thirst. In each the testimony of ingenious persons regard- 
ing their feelings has been carefully set down and then explained away.” 
He calls attention to the fact that animals living on land have special 
buccal glands, while those living in water do not, and cites the work of 
Bidder and Schmidt in which, following the ligation of all the salivary 
ducts, the animals were always eager for water. He further relates 
personal experiences: a, mouth breathing resulting in sensation of 
dryness; b, the influence of prolonged water restriction decreasing the 
salivary output and its immediate increase following water ingestion; 
and c, the decrease in salivary secretion following the loss of 500 cc. of 
body fluid as sweat. In each instance the relation between the decrease 
of salivary flow and the sensation of thirst was quite clear. 
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Thirst, according to Cannon, is a local sensation resulting from local 
dryness of buccal and mucous membrane, due to a decrease of the 
secretions from the salivary glands which in turn is dependent on dim- 
inished supply of fluid furnished these glands by the body because of 
its depletion in water. Lack of water secreted by the salivary glands 
is the cause of the local sensation of thirst, and thirst indicates the need 
of replenishment of fluid in the body. 

ROLE OF WATER IN THE ORGANISM. Intermediate water exchange. 
Only one phase of this subject is presented by way of illustration. 
Much fluid after absorption finds its way back into the alimentary 
tract. In fact, the quantity entering the intestines as digestive fluids, 
far exceeds that taken by mouth. 

The amount of these secretions is large. An approximation of the 
daily excretions in a man of average size is shown in table 4. 























TABLE 4 
SECRETIONS AMOUNT SPECIFIC GRAVITY | AUTHORITY 
ec, > ae ae ere 
Pick ctbeoweves 1500 | 1.002 | Bidder and Schmidt 
Gastric juice........ 2000 to 3000 | 1.006 to 1.014 | Bidder and Schmidt 
aa aR 300 to 500 1.026 (?) | Pfaff and Balch 
Pancreatic juice.... 500 to 800 | 1.0075 | Wohlgemuth 
Succus intericus.... | 3000 | Pregl 





From this it appears that the amount of fluid excreted into the intestine 
daily is from 7,500 to 10,000 ec. or from two to three times the amount 
of fluid ordinarily ingested by mouth and from three to four times the 
amount ordinarily excreted as urine or about twice as much as the total 
volume of the blood. 

As the contents of the intestine pass downward, reabsorption of 
fluid takes place, the amount remaining in the feces rarely exceeding 
200 ec. each day. 

Although considerable is known concerning the influence of certain 
factors on the amount and composition of these various digestive fluids, 
the subject will not be discussed here.® 

Water and heat regulation. Water regulates the temperature of the 
environment and the organism. This is made possible through its 
unique thermal properties. The specific heat of water is the highest 

* According to Mathews, the duodenum excretesa large quantity ofan alkaline 


albuminous juice, 50 cc. being collected in one experiment within 2 hours in a 
dog weighing 5 kgm. 
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known for any substance, solid or liquid, with one exception. The 
latent heat of vaporization of water is the highest known, while the 
latent heat of cooling, is next only to that of ammonia. The latent heat 
of vaporization is of universal significance in relation to dissipation of 
body heat because evaporation occurs at all temperatures. The amount 
of vapor that air can hold when in contact with liquid is variable, is 
dependent on temperature and pressure, and is greatest for fluids whose 
latent heat of vaporization is greatest. Consequently more water can 
vaporize than any other substance. Heat conduction of water, although 
low as compared with that of some metals, is yet the greatest known for 
any liquid. Hence water serves best of all liquids in heat conduction 
in and away from the body. It is the most ideal buffer for heat in 
existence, that is, it exerts unparalleled resistance to heat or cold before 
changing its temperature or its physical state, while in addition its high 
latent heat of vaporization is of constant value to the organism in the 
dissipation of heat. 

Water, by virtue of mobility is readily shifted so as to meet the con- 
stantly changing needs in relation to heat regulation in the body. By 
virtue of its stability, it places its thermal properties at the disposal 
of the organism for this important function. Besides, of all liquids, it 
is the most available. 

Water, then, regulates heat distribution and dissipation through 
its mobility and its ideal thermal properties: a, high specific heat, which 
favors storage; b, high caloric demands for its evaporation, which 
permit a rapid elimination of heat; and c, high heat conductivity which 
provides rapid equalization of heat within the tissues of the body 
(Barbour). The regulating mechanisms in regard to its dissipation are: 
1, the vasoconstrictor center and the vasoconstrictor fibers in the skin; 
2, sweat and the sweat centers and nerves; and 3, the respiratory center. 
The nervous mechanism is responsible for the mammal being homeo- 
thermic rather than poikilothermic, and destruction of this mechanism 
results in its conversion from the former into the latter state. 

Physico-chemical properties of water. No less unusual and important 
than the thermal properties of water are those dealing with physical 
and chemical processes which take place when other substances are 
brought into contact with it; processes involving solvent power, ioniza- 
tion, hydration, imbibition, and surface tension. By virtue of its dis- 
sociating power water may acquire catalytic activity. It is very 
» questionable whether water ever exists in the organism as such; it is 
present in the form of a complex salt solution and as such conducts 
electricity and does not act as an insulator as would free water. 
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Solvent properties. In the organism water is the universal solvent, but 
even the process of solution of one salt in water is not entirely clear. 
However, it is evident that dissociation occurs and that in solution the 
molecules of a substance are free to manifest the effect of energy due 
to their movements. The process of solution is one of dispersion, 
similar in kind to that occuring in colloid solutions but differing as to 
the degree of subdivision and fineness of the dispersoids. 

When one considers the number and character of electrolytes, non- 
electrolytes, colloids, and gases occurring in the blood and urine, the 
solvent action of water becomes apparent. Although all these sub- 
stances are freely soluble in water, the majority of them are not soluble 
in other liquids, not even in alcohol. 

The water content of the tissues. Speaking generally, the amount of 
water in the body is fairly constant. It varies somewhat with age. 
The fetus contains a great deal of water; the younger the fetus, the 
more the water (Fehling). At birth the amount of water in the organ- 
ism is relatively small to judge from the water content of the blood. 
It increases at about six months at which time aging begins (Lederer). 
In old age the tissues are tough and appear to be dry, but according to 
Ranke, the water content is increased to 81.2 to 84.8 per cent instead 
of 75 to 80 per cent. 

Fat alters the percentage content of water in the body, “generally 
about twenty to twenty-two parts of protein are soaked in and swollen 
with seventy-eight to eighty parts (four times as much) water. Fat 
enters into the interstices of the protoplasm as a dry and waterless mass, 
neither driving water out from the tissues nor bringing it in to them” 
(Magnus-Levy). 

Engels has studied the water depots of the body following intravenous 
injection of salt solution. He found that all the tissues except bone 
became more watery. The muscies, skin, and kidneys take up the 
greater amount of water, increasing their percentage content of water 
3.86, 3.23, and 3.83, respectively. The muscles representing 40 per 
cent of the body weight take up more than two-thirds of any added 
water, but continue to act normally in spite of the added moisture. 

The state of water in the organism. Water exists in the organism mainly 
as a salt solution, as the liquid phase of colloidal solution, and as water 
of hydration. It is of vital importance since its properties and those of 
the cell determine the amount of the various substances present and 
their exchange. The turgor of cells is dependent on their water content 
which in turn is dependent on osmotic pressure or the hydration capac- 
ity of the protoplasm itself. | 
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The crystalloids in the saline solution of the body exist in rather fixed 
concentration as is represented in Ringer’s solution: sodium chlorid 
0.7 per cent, potassium chlorid 0.03 per cent, and calcium chlorid 0.025 
per cent. Locke’s solution contains in addition sodium bicarbonate 
0.01 to 0.03 per cent and glucose 0.1 per cent. Locke’s solution ap- 
proaches in composition deproteinized plasma and contains both 
electrolytes and nonelectrolytes. 

Blood plasma is composed of water and salts, as in Locke’s solution, 
and in addition proteins, as serum albumin, serum globulin, and fibrin- 
ogen, gases, metabolites, enzymes, and special substances such as 
hormones, and so forth. Of the proteins the albumin forms somewhat 
more than 50 per cent, globulin somewhat less than 50 per cent, and 
fibrinogen from 5 to 10 per cent. 

Water and protoplasm. For want of space, water and protoplasm 
and water as a medium of transportation will not be discussed. 

Water as a lubricant. In most mechanical devices involving motion, 
lubrication is necessary. Numerous surfaces in the organism are sub- 
ject to more or less constant friction, which would result in irritation 
were it not for lubrication. Thus moisture prevents the serious con- 
sequences of friction in the pleurae, peritoneum, joints, and eyes. In 
the body all surfaces subject to friction automatically control their own 
lubrication through the excretion of fluid on the surface involved. In 
most instances water plays the major part. 

Water output. Factors determining the relative loss of water by 
various channels. The total output of water is determined by the total 
intake. The relative output by the various channels differs widely 
in different individuals and in the same individual under varying con- 
ditions. An illustrative water balance from DuBois has already been 
presented. Careful studies have also been made by Atwater and 
Benedict, and others. 

The human organism as compared to animals varies greatly in its 
responses to stimuli, partially because of differences in reactivity. 
It is a matter of common experience to find one patient with sweat 
literally dripping down the sides, while the skin of another patient, 
examined under identical environmental conditions, remains entirely 
free from moisture. With some persons public speaking is accom- 
panied by marked dryness of the respiratory passages, while with others 
no difficulty of this kind is encountered. Polyuria results from nervous 
tension in some individuals, while others under the same external 
conditions, do not experience it. Thus many imponderable influences 
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play a part in water exchange and in water retention in the body. 
“And some, when the bag pipes sing in the nose, can scarce contain 
their urine.”’ 

Since so many factors play a part in determining the elimination of 
water by each channel, no hard and fast rules can be laid down as to 
the relative amount of water excreted by each. Some of the more 
important factors affecting these losses will be discussed separately in 
some detail. 

Attention might be called to the fact that the amount of water lost 
by the feces is the smallest and ordinarily subject to least change, while 
the amounts lost by the kidneys and skin are greatest and subject to 
the greatest variations. Roughly speaking, the amount of fluid lost 
by these channels tends to vary inversely, other things being equal. 

Heat is lost to the organism through a, urine, feces and saliva, which 


are expelled at body temperature; b, expired air (air enters the body 














TABLE 5 
CHANNELS | PERCENT CALORIES 
i ene n nes Cre oa ie | 1.8 48.0 
Expired air in warming......... nope eva Me tla ekogira-<hateh 3.5 8.4 
Vaporization of water from lungs..... wy ta rere 7.2 18.2 
a GGA daw awesssdccuvsevavecses 5 14.2 36.4 
Radiation and conduction from skin............ 0.0 ......... | 73.0 | 1792.0 








at environmental temperature and humidity and leaves it, saturated 
and at a higher temperature); c, evaporation from the skin of sweat 
and invisible perspiration; and d, radiation and conduction from the 
skin. Under certain conditions heat loss occurs almost entirely (98 
per cent) by way of the skin as may be seen in table 5. 

In the calorimeter 24 per cent of the total heat production ordinarily 
is lost by vaporation. As environmental temperature increases and 
conduction and radiation become insufficient, the evaporation of water 
is of ever increasing importance. At 37°C. heat loss is effected en- 
tirely through vaporization. The factors usually affecting heat dis- 
sipation are: climatic conditions; environmental temperature, relative 
humidity and winds; rate of metabolism and clothing. Heat loss is a 
surface phenomenon and the amount of heat reaching the surface is 
the fundamental factor. Heat is brought to the surface by blood, 
that is, water. The cutaneous factors are: the emissive powers of 
the surface; the evaporation of the surface; and velocity of trans- 
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portation of heat to the surface depending on the conductivity of 
tissues and the speed of cutaneous circulation (Hill). Here, we are 
concerned with heat dissipation only in so far as loss of water enters 
into consideration. 

Water elimination by skin and respiratory tract. Most ofthe determina- 
tions of water loss through the skin and respiratory tract have been 
made under what might be considered standard conditions, that is, 
fasting at average mean temperature and humidity with approximately 
the same amount of clothing. As early as 1866, Pettenkofer and Voit 
showed that daily water elimination by these channels in a fasting man 
reached as high as 829 gm. This has been abundantly corroborated by 
the work of Rubner, Schewenkenbecher, Wolpert, Sudovyen, Benedict 
and Carpenter, and DuBois. Wolpert found that the hourly production 
of water vapor calculated to a uniform body weight of 70 kgm. varied 
from 30.9 to 70.9 grams; the seven subjects vaporized from 56 to 60 











TABLE 6 
WATER CALORIES 
WEIGHT ELIMINATED LOST IN 
EACH DAY EVAPORATION 

gm, kg. per cent 

STE TR eee 70,000 12.6 22.0 
Dog {| 30,000 12.2 20.0 
CCOCC CSCC OSES SOOO EHOOSEOS HOT SOSE EEE EEOS \ 4 000 11 5 9 0 
NIL, nb ds eule vel ude wide wedin ceeds 550 11.3 6.5 











grams of water each hour at a temperature of 18°C. with a relative 
humidity of from 35 to 60 per cent. Under extreme conditions the 
hourly loss may be increased to as much as 1 kgm. 

Rubner, utilizing a Pettenkofer-Voit chamber, discovered that water 
elimination is proportional to body weight and not to body surface, 
that variations in humidity do not affect heat production, and that an 
increase in moisture in the air decreases the heat lost by evaporation 
but correspondingly increases that lost through radiation and conduc- 
tion. 

The relation of body weight to water elimination is illustrated in 
Rubner’s table. (Table 6.) 

The most comprehensive study of the question has been made by 
Benedict and Carpenter utilizing an Atwater-Rosa calorimeter. They 
found that “the average for 158 days, covering 2150 hours, shows that 
the insensible perspiration of several healthy men, sitting, lying asleep 
or awake, or engaged in minor activities, is approximately 40 grams an 
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hour.”’ Soderstrom and DuBois utilizing the Sage calorimeter found 
that normal men between the ages of 20 and 50 years excrete on an 
average of 29 grams of water an hour, about 700 grams each day, and 
state that few men depart more than one-tenth from this amount under 
standard conditions. As a rule the proportion of water lost by the 
lungs is smaller than that by the skin. 

Methods of determining the elimination. ‘The amount of water lost by 
way of the skin and respiratory tract is difficult to determine accurately. 
It can be estimated approximately by taking into consideration the 
daily weight of the body and the amount of material ingested and 
excreted, as was done in the beginning of the seventeenth century by 
Sanctorius and in the twentieth by Lombard. However, the best results 
are obtained through the use of the direct calorimeter constructed with 
a view of determining water lost by vaporization. Through establish- 
ing an air current and determining the amount of air circulating in the 
system and its water content on entering and leaving, the water of 
vaporization can be determined. 

But even with such facilities the error in determining the loss of fluid 
by evaporation is large, at times, and absolute accuracy israrely attained. 
For the Sage calorimeter, which is especially well adapted for work of 
this kind, the error is probably plus or minus 3 per cent. Control 
experiments such as those carried out by DuBois, in which alcohol 
checks were employed along with the dripping of known amounts of 
water, showed the average error in determining the water of vaporiza- 
tion to be as high as 6.7 per cent. DuBois says it is doubtful if the 
determination is much more than 10 per cent accurate under ordinary 
conditions. For determining the water lost by the respiratory tract a 
hood was devised by Zuntz; and for that lost by skin, cabinets and cham- 
bers enclosing the entire body to the chin are utilized (Rubner and 
Nuttall). In the study of the loss of water from localized areas, small 
air chambers have been attached locally to the surface of the skin. 

Factors affecting water lost by lungs and skin (climatic conditions). 
Climatic conditions are of paramount importance and involve factors 
of temperature, relative humidity, vapor tension, air currents, radiant 
heat, seasons, day and night, and clothing. These factors may act 
independently or collectively, in unison or opposition, proportionately 
or disproportionately. Such a combination precludes prognostica- 
tion in any given case and necessitates actual determination of water 
loss. Separate consideration of the nature of the influence will be 
given each of these factors. 
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Temperature. Other things being equal, the higher the environmental 
temperature, the greater the loss of water by evaporation. The capac- 
ity of air for holding water vapor increases with the temperature.‘ 


Temperature of air, °C. —1 4.5 10.0 16.0 21.0 26.5 32.5 38.0 
Maximum weight of 


water absorbed by the 
air, grains for each 


ee 1.94 2.85 4.08 5.75 7.98 10.9 14.7 19.7 


Rubner studied the water vaporized by animals and found that water 
elimination in guinea pigs increased as the temperature of the air was 
raised above 15°C. and in dogs it increased with temperatures above 
7°C. As the temperature increases, increased rate of respiration devel- 
ops. In dogs panting is especially marked in hot weather. Under 
ordinary conditions in man sweating begins in the neighborhood of a 
temperature of 37°C. Sweating may cease in extreme heat and heat 
stroke is then imminent. 

Temperature and humidity. Rubner made a careful investigation of 
water loss in both man and animals. He found that animals give off 
more water in dry than in moist air, an increase of from 200 to 300 per 
cent, accompanying a decrease of relative humidity from 69 to 31 per 


cent. Inamanin the chamber, Rubner found the water given off from 
lungs and skin to be: 














WATER ABSORBED BY DRY AIR WATER ABSORBED BY MOIST AIR 
TEMPERATURE 
Lungs Skin Lungs Skin 
 P gm. gm. gm. gm. 
15 16.8 9.5 9.0 
20 17.0 37.1 11.7 3.6 
25 18.4 57.0 10.9 13.0 

















Benedict and Carpenter also studied the effect of relative humidity. 
They found that at a humidity of 30 per cent, 60 grams of insensible 
perspiration were lost, at 50 per cent, 26 grams, and in one individual 
studied over a period of 27 days, there were variations from 23 to 35 
grams. 

Lyon has determined that the average evaporation from lungs and 
skin of a large laboratory class, when the temperature was below zero 


6 One cubic meter of air saturated with water vapor at 37°C. contains 43.465 
grams of water (Smithsonian table). 
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outside and 70°F. inside, was in the neighborhood of 60 grams an hour 
for each person, or about 1364 grams a day. 

Air currents. The movement of air is also a potent factor in evapora- 
tion of water from the body. Ordinarily it plays an important part 
under conditions of the natural outside environment. Wolpert found 
that when the air temperature was between 15 and 35°C., the wind 
from a fan diminished the water loss from the body; above and below 





10 20 30 40 50 60 70 80 90 100 


Fig. 1. After Rubner and Lewschew. To show the relation of the loss of 
water in the form of vapor to temperature and to air moisture. The numerals 
along the base indicate the degree of air moisture. The verticals represent the 
water vapor loss in grams. 


these temperatures, it increased the evaporation. Its influence is 
intimately connected with evaporation, temperature, and humidity.’ 

According to Hill, it appears that the relative humidities around 35 
per cent are at least more comfortable than either the extreme dryness 


7 Since at each air temperature above blood heat the bodily gain of heat from 
the air by conduction increases as the strength of the wind increases, and since 
the human body cannot perspire above a certain maximum rate, there must, at 
least on theoretical grounds, be a certain corresponding critical value of the wind 
velocity which if exceeded must produce a net gain of heat to the body. The 
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or the 50 per cent humidity, which feels quite moist. The influence of 
temperature and vapor pressure on the amount of water vaporized from 
the skin is illustrated graphically in the chart taken from Rubner and 
Lewschew. 

Day and night. Day and night are accompanied by marked changesin 
the atmosphere. The temperature changes are matters of common 
knowledge. Relative humidity is subject to variations just as striking. 
Rubner quotes some figures showing humidity changes by day and 
night in Vienna. Thus in winter the relative humidity at midday was 
75 per cent, at midnight 95 per cent; in summer at midday 49 per cent, 
and at 6 a.m., 77 per cent. Season also has a marked effect, the average 
humidity for January being 84 per cent and for April and July 63 per 
cent. 

Effect of food and fasting. The ingestion of food increases the water 
output especially at high temperature. Rubner found that when dogs 
were given meat, the water elimination was not affected when the 
environmental temperature was low but that water elimination was 
increased markedly when the air was warm. The specific dynamic 
action of food unquestionably plays a part. 

Benedict and Carpenter have shown that a change from a diet poor in 
carbohydrate to one rich in carbohydrate is accompanied by an increase 
in weight and by considerable retention of water by the body tissues. 
Conversely, a change to a diet poor in carbohydrate but rich in fat is 
accompanied by loss of water from the body. With the caloric intake 
approximately the same on a diet rich in carbohydrate, there was an 
average gain of 88 grams of water a day, while in the same subject on a 
diet high in fat and low in carbohydrate, there was an average loss of 
906 grams of water a day. This offers a fertile field for further in- 
vestigation, 

Benedict found that the greatest output of water vapor occurred 
during the waking hours but failed to find any increase as the result of the 


less the temperature of the air exceeds body temperature, the higher will be the 
critical wind velocity (Hill). 

It has been shown that at an air temperature of 45°C. and relative humidity 
of 40 per cent, a wind of 9 meters per second results in warming, while in a calm 
cooling occurs. 

Huntington has discussed climate in relation to efficiency. 

The kata thermometer wiil probably play a considerable réle in future in- 
vestigations of the factors. 


Acclimatization or training is an important factor in withstanding the effects 
of the tropical sun (Shaklee). 
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ingestion of water. As a rule water lost by the lungs was somewhat 
less than that from the skin. Benedict and Carpenter have findings 
in investigations extending over long periods of fasting and have cal- 
culated the water vaporized from the lungs as amounting to 9.6 and 
10.7 grams each hour and as 40 to 65 per cent of the total amount 
vaporized. 














DAY OF FAST | RELATIVE HUMIDITY | TOTAL WATER VAPORIZED 
per oad jit grams 
lto 3 52 to 63 | 23.29 
17 to 20 39 | 15.16 
27to30 42 to 49 | 18.20 








Laschtschenko showed that there was no increased loss of water by 
the skin and lungs following the drinking of water up to 2 liters. 

Exercise. Light exercise in cool weather has but aslightinfluence, but 
hard work in hot weather increases the loss tremendously. Benedict 
and Carpenter found that with average muscular activity there was a 
variation from 140 to 276 grams each hour, while at rest under the same 
environmental conditions the output was from 23 to 79 grams each 
hour. Obesity tends toward a greater loss of water during work 
(Schattenfroh). 

Wolpert found that a man at rest in still air at 21°C., evaporated 
42 grams of water an hour, giving a minimal evaporative heat loss of 
576 calories a day. While working at the rate of 15,000 kgm. an hour, 
he evaporated, under the given conditions, as follows: 











TEMPERATURE RELATIVE HUMIDITY WATER EVAPORATED EACH HOUR 
we. per cent | grams 
7 81.0 | 58.0 
13 | 84.0 | 70.8 
17 87.0 | 90.4 
19 81.0 112.8 
25 47.0 230.0 











Rest and sleep. Benedict and Carpenter compared the output in rest 
and sleep. In rest the loss for each kilogram was 0.61 gram an hour with 
a variation of from 1 to 0.42 gram, while in sleep, the average loss was 
0.48 gram with variations from 0.36 to 0.68 gram. The average value 
in rest for each square meter of body surface was 19.7 grams an hour, 
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with variations from 29.2 to 14 grams while in sleep the average was 15.9 
with a variation of from 22.2 to 12.4. During rest the average output 
is 40 grams an hour, while that in sleep is 32.1 grams an hour. 

They further determine the relative amount of water vapor lost from 
the lungs and skin, utilizing the method of computation devised by 
Zuntz. This assumes that the inspired air has the moisture content 
of the air of the room and that the expired air is saturated at the tem- 
perature of the body, namely 37°C. Thus by knowing the total venti- 
lation of the lungs it is possible to compute the output of water vapor 
through the lungs. Zuntz and his associates have determined that for 
every litre of oxygen absorbed there is a ventilation in the lungs of 21 litres 
of air, and consequently multiplying the amount of oxygen absorbed 
by 21 yields the total ventilation of the lungs in liters of air. Although 
the method is fallacious in some respects, especially during exercise, 
Benedict and Carpenter believe that it yields fairly accurate and rather 
constant results during rest. Their results show that in the same 
individual at rest the ratio of the amount of water vaporized by the 
lungs and skin is fairly constant and that on an average the amount 
lost from the skin is approximately 56 per cent of the total, and that 
this ratio is not materially decreased by food or fasting. Age according 
to DuBois exercises no great influence on water evaporation for each 
unit of weight. 

Loss OF WATER BY THE SKIN.’ Water is lost by theskin asinsensible 
and perceptible sweat. The former is continuous as evidenced by the 
continuous excretion of salt by the skin (Cramer). Sweating is invoked 
under high environmental temperature around 37°C., but the exact 
level is influenced by relative humidity, exercise, and certain nervous 
influences. Loss of water from the skin by transpiration is said to be 
due purely to physical processes. But this might be questioned on the 
basis of Talbert’s work which demonstrated that volatile acids are 
excreted continuously during this process. But in patients supposedly 
devoid of sweat glands losses from the skin up to 800 grams a day have 
been demonstrated. 

Quantity of water lost by way of the skin. Under normal conditions of 
temperature and humidity this is approximately 500 cc. a day. Nuttall 
credits Pettenkofer and Voit with 500 cc. Obviously this varies 
markedly with temperature, humidity, winds, exercise, and clothing. 
Sweat may vary from an insensible perspiration to as much as 1 litre 
an hour (Haldane and Priestley; White). According to Flack and Hill 
as much as 10 litres of water (5800 calories) may be evaporated during 
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a ride in the sun in the South California desert, where the radiant 
energy reflected from the sand adds its effect to that of the direct 
radiant energy of the sun. 

Water is lost by way of the skin in the absence of sweat glands. 
Such cases have been described by Guilford, Tendlau, Loewy and 
Weckselbaum, Christ, and Goeckerman. Loewy and Weckselbaum 
studied the amount and the mechanism of water lost as insensible 
perspiration and found in three patients that the amount was normal, 
800 ec. each day. Tendlau demonstrated in his patient inefficiency in 
the heat regulating mechanism, an increase in temperature following 
the ingestion of milk or direct exposure of the body to the rays of the 
sun. This patient was studied also by Zuntz who noted increased rate 
and depth of respiration at all times. In order to work effectively in 
the sun-light the patient found it necessary to moisten his shirt with 
water. 

Temperature and onset of sweating. Visible sweating appears usually 
between 30° to 37°C. Von Willebrand observed it in one subject at 
30°C. and in another at 33.5°C. Subsequent to the appearance of sweat 
the local temperature may decrease. ‘The temperature of the naked 
human skin,”’ says Aron, “if exposed to the sun, rises quickly to 36°C., 
maximum 37°C. Sweat breaks out then and the temperature falls.’”’ 
For example, the skin surface temperature of the forehead may rise to 
41°C. and sink to 35°C. 

Influence of relative humidity. Von ;Willebrand found that with a 
relative humidity of 40 to 50 per cent and a temperature of 12°C., 10.5 
grams of water an hour were lost by the skin; at 18°C., 13 to 18 grams 
and at 28°C., 26 to 27 grams. He believes that the amount vaporized 
gradually mounts with temperature increasing above 12°C. until sweat- 
ing begins. 

For average clothed persons resting in calm air, a temperature of 
25° to 26°C. with a relative humidity of 60 per cent occasions sweating 
With 22 per cent relative humidity, the sweating point is nearly 30°C. 
(Rubner). 

The skin varies in its local temperature, its sweating capacity, and its 
sensitiveness to heat and cold. Thus Benedict found that the skin 
temperature varied from 28.1 in the calf of the leg to 34.7 in the waist 
(with clothing). In an artist’s model, after 23 hours’ exposure (naked), 
in a room at 14.5°C., there was a difference of 10.6°C., between the high- 
est and lowest parts; at 25.8°C. the difference was 5.4°C.;at 30°C.,4.2°C, 
The forehead secretes earlier than the arm and its temperature falls 
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earlier and generally lower. According to Loewy, the loss of perspira- 
tion for each square metre of surface is greatest from the arms, next 
greatest from the legs (the extremities yielding not far from 75 per cent 
of the total), and least from the trunk. The greatest actual loss, how- 
ever, is from the legs (Lusk). 

Temperature and exercise. The effect of a warm and a cold day on the 
sweating of marching soldiers as the result of a 7-mile march carried 
out by four soldiers is shown (Pembrey). 

















AVERAGE INCREASE OF WARM DAY COLD DAY 
NG Jhbt als Hee oa Okie dee nto 6.2 each minute | 14 each minute 
ee a a 2.52°C. 1.44°C. 
Evaporation of sweat...............e200- 1816 grams 419 grams 
Weight of clothes (moisture)............. 320 grams 27 grams 








In the summer a young soldier observed by Zuntz, carrying out six 
marches of 25 km. each, lost between 2436 (1413 calories) and 3366 grams 
of water (1952 calories), 335 to 995 grams being retained in his clothes. 

According to Zuntz, if the body heat production of asoldierisincreased 
1000 calories by a march carried out at a temperature of 10°C. (50°F.) 
in saturated calm air, his water loss will be increased 800 grams; each 
increase of air temperature of 1°C. will increase the water loss 38 
grams; each | per cent increase of relative humidity will lessen it 4 grams; 
and each unit increase of wind (12 unit scale of wind) will lessen it 70 
grams. 

Sweat and clothing. Clothing influences water loss by the skin but this 
will not be discussed. 

Sweat. Sweat contains from 97.5 to 99.5 per cent water, and is prob- 
ably the most dilute secretion encountered in the organism. The 
lack of concentrating power of the sweat glands is in marked contrast 
to the concentrating power of the kidneys. Perspiration has an acid 
reaction, pH = + 5.7 (Talbert) and contains, aside from the admixtures 
of secretions of the sebaceous glands, inorganic salts, chiefly chlorids, 
and traces of phosphates and sulphates (Kast), and organic compounds 
of which urea constitutes more than 50 per cent, with smaller amounts 
of urates, creatinin and etherial sulphates, amino acids, and traces of 
other metabolic products. The amount of sweat excreted each day 
varies tremendously with habits, habitat, and climate. 
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In moderate climates on a daily intake of 3 litres of water the daily 
loss by sweating during rest approximates 700 cc. for an individual 
weighing 70 kgm. Heat and exercise markedly increase the amount of 
sweat. Cramer has estimated from the sodium chlorid left on the sur- 
face of the body that more than 3200 cc. are lost daily during a strenuous 
march in summer weather. By means of dry heat, sweat baths, alcohol 
or electric cabinets, and so forth, as much as from 0.5 to 1 litre may 
be lost. Haldane and Priestley refer to two patients who in a Turkish 
bath, suffered losses as great as 2.3 kgm. of sweat in 24 hours. 

The function of sweat. Sweat, through furnishing water for evapora- 
tion, regulates body temperature. This is its chief function. But 
the sweat glands must also be looked on as excretory organs for water, 
sodium chlorid, urea and possibly acid radicals. Sweat is a true 
secretory product and results from the excitation of secretory nerves 
and is relatively much more independent of blood flow and blood pressure 
than is the urine. Sweat glands are found everywhere in the skin of 
man and are very numerous. Cramer has estimated that as many as 
from 500 to 1900 exist to 1 sq. cm. in some areas of the body. 

Sweat in various animals. Men and horses sweat from the entire 
surface of the body. Dogs and cats show visible sweat only from the 
hairless surfaces, the soles of the feet; while rabbits, mice and rats do not 
sweat at all. It is usually contended that dogs do not sweat because 
they have no sweat glands, but cats and dogs do have such glands in 
other surfaces than the soles of the feet. 

Innervation of sweat glands. The secretory nerves of the sweat glands 
belong exclusively to the sympathetic nervous system (Langley). In 
the cat, for instance, the secretory nerves of the sweat glands of the fore- 
legs leave the cord with the fourth to the ninth thoracic nerves; and of 
the hind legs with the twelfth and thirteenth dorsal and first and second 
lumbar. They all pass through the sympathetic trunk and then through 
the brachial or sciatic plexus to the balls of the feet. 

The spinal centers are controlled primarily by the thermo-regulatory 
centers in the mid brain® but may also be influenced by other parts of 
the central nervous system and may be stimulated by various sensory 
stimuli which often produce sweat only in certain limited portions, as for 
example, the localized sweating over constantly acting muscles (Meyer 
and Gottlieb). The sweat during nausea and that due to the stimula- 
tion of the cerebral cortex from anxiety or fear are familiar examples 


8 The existence of a thermo-regulatory center as such has not been proved. 
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of the influence of higher centers of the cerebral nervous system 
(Winkler). 

Heat constitutes the most important and most effective physiologic 
stimulus for the secretion of sweat and acts upon the higher centers. 
Sweating is invoked by preventing heat loss and increasing heat pro- 
duction, but as a rule it is evoked most readily by the application of 
heat. Availability of water for excretion in sweat is an important 
factor in determining the quantitative response. Local heat renders 
the secreting glands more amenable to stimulation (Schierbeck), while 
cooling may prevent it entirely (Langley). 

Sweating from drugs. Sweating may be affected by drugs acting 
centrally or peripherally. All drugs stimulating spinal centers tend to 
stimulate spinal sweat centers; thus strychnin, camphor, picrotoxin, 
pilocarpin and ammonium salts increase sweating, but this power is 
lost after section of the spinal nerves. 

Although the innervation of sweat glands, so far as is known, is 
purely sympathetic (thoracic autonomic), in their pharmacologic re- 
actions, in their insusceptibility to epinephrin and their suscepti- 
bility to the autonomic drugs, they behave entirely like organs with 
autonomic (parasympathetic) innervation. No explanation has thus 
far been found for the striking exception to otherwise apparently 
general laws. 

Induced sweating by high temperatures. Therapeutically sweating may 
be induced through the use of high temperatures, either dry or moist, 
Russian or Turkish baths, dry or moist packs, electric cabinets, - hot 
baths, flannel blankets, and so forth. White found that a few minutes’ 
immersion in a bath at 42.4°C. increased the evaporation of water 
from his skin eighty times. 

Loss OF WATER BY THE LUNGS. Loss of fluid by way of the lungs is 
continuous and probably not subject to so great variation as that through 
the skin. Under ordinary conditions the mucous membrane of the 
mouth and nasopharynx is always distinctly wet with secretions. 
The air leaves the respiratory tract saturated with moisture and approxi- 
mately at body temperature. The mucous membrane of the respira- 
tory tract is susceptible to great changes in regard to turgescence and 
amount of secretions, as evidenced by the marked sensation of dryness 
in a hot, dry room. 


® This question is discussed in papers by Galeotti and Osborne. The latter 
claims that the expired air is saturated at temperatures from 32.5 to 33.5°C, 
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For quantitative measurements of water loss, air may be collected by 
special devices (Rubner, Zuntz) in the way of cabinets, chambers, or 
hoods connected in an air-tight manner with the respiratory tract. 
Rubner found in the resting man at 20°C. that approximately 400 ce. 
of water, 17 grams an hour (232 calories), escaped through the respira- 
tory channels which is somewhat less than 50 per cent of the total trans- 
piration. 

Amount of water lost by the lungs. Benedict and Carpenter, utilizing 
the computation of Zuntz, found, in a large series of determinations on 
fifty-three individuals, that the average amount lost by the lungs was 
36.3 per cent of the total, with variations from 21 to 51.4 per cent. In 
sleep the percentage of loss was about 35 per cent. 

With the average mean temperature and humidity, Rubner says 
that an adult gives off water each hour from the lungs: resting, 17 
grams; deep breathing, 19 grams; reading, 28 grams; and singing, 34 
grams. 

The amount of saliva under varying conditions has been studied by 
Cannon in connection with thirst. Marked effects are demonstrated 
from mouth breathing, gum chewing, deprivation of water and its ad- 
ministration. 

Hill asserts that the water lost during each day by evaporation from 
the air passages by the resting man can be calculated if the temperature 
and pressure of the air are taken and the dew point is determined by 
wet and dry bulb readings. 

In the dog the upper respiratory tract is the chief channel of water 
loss by transpiration. Its influence is indicated by the results following 
tracheotomy. The rectal temperature of tracheotomized dogs placed 
in the sunshine rose from 39°C. to 42 and 44°C. The respiration and 
pulse rate were markedly accelerated, saliva dropped from the mouth, 
and the mucous membrane became cyanosed. 

Loss OF WATER BY THE KIDNEYS. The urine. Usually the urine is 
regarded as representing the major part of the water loss from the body, 
and, generally speaking, this is true. However, under unusual condi- 
tions of heat and exercise water loss though sweat and evaporation 
from the skin and lungs may far exceed that of the urine. 

Urine represents the end result of the work of the kidney. The 
mechanism involved in the secretion of urine is not known exactly. 
The well known theories have recently been discussed by Stieglitz who 
has added some new evidence relative to the functions of the tubules. 
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The kidney does not pass substances on merely, for in the excretion 


marked changes occur in relation to concentration. 


The comparison 


of the concentration in some of the more important constituents of the 
urine and blood are tabulated by Cushny as follows: 











TABLE 7 
CHANGE IN 
BLOOD PLASMA URINE CONCENTRATION 
IN KIDNEY 
per cent per cent 

BNL cok vulahie a Cin Sith de awidltals caesieee 90 to 93 95 
Proteins, fats, and other colloids......... 7 to 9 
a de ad aan wh daaa'ns pceak 0.1 
IRN esc. i cae aul Allibad view’ 0.03 2 60 
a SSR Say ace a Oe RE 0.002 0.05 25 
Sodium........ 0.32 0.35 1 
ss we enanmeb nce uonheake 0.02 0.15 7 
NE ities naan ans os eo wideameebe 0.001 0.04 40 
io. on psd ueas de vees ee adivnd 0.008 0.015 2 
ein che cckevenbe sae penwesace 0.0025 0.006 2 
Sd. 55606 bebe un vesnseeewaane 0.37 0.6 2 
OL, 525 vs baba waveens sa beedoah 0.009 0.27 30 
in Basse nae web edad naieis 0.003 0.18 60 




















Cushny’s idea of the nature of urine in diuresis should be presented. 
‘The urine in diuresis always approaches plasma in composition more 
nearly than when the secretion is more moderate.’ In short all the 
constituents of the urine are increased in absolute amount for each unit 
of time during diuresis. But the ‘‘no threshold” substances are invari- 
ably reduced in percentage, while the ‘‘threshold” substances are often 
reduced in percentage, but may actually rise in some circumstances. 
As the diuresis passes off, a change in the opposite direction sets in. 

The quantity of urine. Generally speaking, the amount of urine 
excreted is directly dependent on the water intake and inversely pro- 
portional to the amount excreted by the other channels of water loss. 
Ordinarily the kidney excretes daily an amount of water equal to the 
difference between the intake and that excreted by the skin, bowels, 
and lungs when the body weight is maintained at a normal level. 
This amount fluctuates tremendously, in fact, the ability of the kidney 
to accommodate itself to fluctuations in water and food intake and to 
environmental influences, constitutes one of its striking characteristics. 
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This is utilized clinically in determining renal functional capacity.!° 
The normal kidney is capable of excreting a small quantity, from 500 to 
600 cc. of concentrated urine with a specific gravity of 1.040 or more, or 
8 to 10 litres of very dilute urine with specific gravity of 1.001 to 1.002. 

Certain great factors are important in determining the daily output 
of urine. Among these should be considered age, the amount lost by 
other channels, food intake, salt intake, and finally and most important, 
the water intake itself. 

Age. The urinary output in the early years of life is indicated in 
Holt’s table, his figures being compiled from the findings of several 
investigators: 


Urine 

Age gm. 
EE ee 0.60 
Ne EE COMMIS os occ cnccccccnccnscccscccscusecs 10 to 90 
an. on a ranean sees see eeeeeace 90 to 250 
is ccc cncreccbewecdcsecncscece 150 to 400 
EEE ea 210 to 500 
EE 500 to 800 
ee i vdciccacaee basen ns cusase ster 600 to 1200 
er IN OND. oo. occ ccc ccneweccccesscnsces 1000 to 1500 


Camerer gives findings for the daily urine excretion of boys and girls 
as follows: 


Girls 
EE Se ee « 2to4 5to7 S8told Iltol4 15tol8 21 to24 
Castine sneawce 670 800 980 930 20 1110 
Boys 
Yeoars...................5 t06 7 to 10 11 to 14 15 to 16 17 to 18 
PR NG c8s phavesseas<s 730 940 1040 S40 1040 


The number of voidings and the average quantity of each is shown 
in table 8. 

The rate and amounts of urine excretion following the intake of defi- 
nite amounts of water can be found in the papers from Aschenheim and 
Ohlmann." 

Adults. The water intake varies markedly from day to day. The 
average according to Forster is from 2300 to 3500 cc. These figures 
are from Miinich and include consumption of beer. For this country, 


10 For details concerning concentration and dilution tests see Volhard and 
Fahr. 
11 For details concerning urinary output in childhood see Feldman. 
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Atwater and Benedict found variations in water intake from 880 to 
2440 cc. with the subject in repose, an average for 49 days of 2290 
ec, and with moderate work from 2225 to 4550 ec., an average for 
66 days of 3700 cc. The urinary output varies with the intake within 
normal limits from 800 to 3000 cc., the average being usually between 
1200 to 2000 cc. 








TABLE 8 
AVERAGE 
AGE MICTURITIONS* nee sot gaa 
MICTURITION 
ae ‘i ce. 
a, A cain sn ddene sa henka aaewaennee 13.0 34 
i, ee snub yemp eine Rem 7CRREROEE 14.0 31 
Ot Wana do db es ode d abso hater ee 20.0 31 
SL ro Sitwik's « KOM vate eta vos Oe 16.0 44 
Years, SO SRE ee ee eee | eee 12.0 60 
Ns aie rin Gin Sidi wae a ¢ ata bien 10.0 88 
ON i a et a ek a 9.0 92 
OM ds 0's cbs OF ea Wee eee eee el eant 7.5 90 
We i a kasa Gee aed oblocs bles oe dibauete 9.3 104 
BE Pi cease ia Ged es kkk dé chee 7.1 154 
OE A SE Oe a aT Oe Eee ee 7.8 146 
a Pere ere a 7.0 191 
ON oi a il a as ie a Ee aloes 7.3 262 
ee ry eee ee pe were > 7.0 248 
REPENS 3 3s bbs bs owdied aes deecescemars 7.5 224 
DPE us: 5 kane e's OO SE RRC 8.3 262 














* According to the investigations of Engel and Pfeifer the number of micturi- 
tions during the first few months of life may be much greater. 


The effects of environment. Other things being equal, the quantity 
of urine varies directly with the water ingested and inversely with the 
loss from the lungs and skin. During extreme hot weather, the water 
intake may be very large and the urine output may be quite small. 
Breinl and Young have contrasted the urine output in the tropics with 
that of the Huropean standard. The volume of urine excreted is smaller, 
the specific gravity higher, and the total nitrogen and sodium chlorid 
content less in the tropics, as shown by the table giving the average 


of twenty-five persons some of whom were manual and some seden- 
tary workers: 


PHYSIOLOGICAL REVIEWS, VOL. 2, NO. 1 
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IN TOWNSVILLE, 


s 
AUSTRALIA EUROPEAN STANDARD 








—_—_|—___—— 


| 

_| 

| 
SESS er eee | 782 ce. | 1500 ee. 
cs wee rs neasesscsctcse 1.025 <¢ 1.015 to 1. 020 
SEPT 0.935 to 2.256°C.| 0.87 to 2.71°C. 
ie oi Whisk bs eek cbse 6c ness | 10.4 gm. | 16.0 gm. 
Sodium chlorid.................0..00ee004| oa i5.0 gm. 
Ee ee | 73 gm. | 2.0 to 3.5 gm. 








* Townsville, Australia, has a latitude of 208. and longitude of 147 W. 


In hot climates the water balance is usually set at a high level. Hunt 
says that the fluid intake and output in India is commonly as much as 
13 litres each day. In temperate zones, there is a striking difference in 
the urinary output in summer as compared with winter. 

Food and urinary output. Food influences water exchange at least 
in two important respects, the effects of the metabolites on the water 
holding capacity of the body, osmotic pressure, salt content, and so 
forth, and the effects of metabolites on renal function. 

Reference has already been made to the effects of diets rich in car- 
bohydrates or fats on body weight and on water output. Rubner cal- 
culated the amount of water necessary in tropical weather to yield 
sufficient water to maintain a properly dilute urine and sufficient 
sweat to keep the individual cool. This varies with diet. On European 
diet, 2400 calories a day, 4400 cc. of water are required. On an 
exclusive meat diet, 7600 cc. of water are required. The effect of types 
of food on the urinary output is striking. Doctor Adams, of our staff, 
is studying the effect of diet on the quantity of urine. On each of 
three days, the patient was given 700 ce. of water with breakfasts 
rich in carbohydrates (dextrose 1.5 grams for each kilogram of body 
weight), protein, or fat respectively. On the breakfast high in fat, 2 
per cent of the water was recovered in urine within 5 hours, on the diet 
high in protein, 74 per cent, and on the diet high in carbohydrates, 85 
per cent. 

Obesity markedly affects water exchange. Oertel’s researches show 
that the quantity of water entering the organism affects the accumula- 
tion and consumption of fat. When the water loss is great and the in- 
take small the fat accumulated in the body decreases. Beeler and Fitz 
have demonstrated however that in one form of obesity, diuresis is 
induced only with the greatest difficulty. But, in general, it is only 
with the greatest difficulty that water is held in the body. Accord- 
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ing to Schattenfroh, the loss of water by transpiration, occurring in fat 
persons during exercise, is greater than in thin. Lack of training prob- 
ably plays some part. 

Excessive ingestion of sodium chlorid and of sugar results in increased 
thirst, increased water ingestion, and increased urinary secretion. 
The ingestion of large quantities of hypertonic salt or sugar solution, 
results in extreme diuresis; water withdrawal and failure to replenish 
the excessive loss results in dehydration of the body and development 
of fever. 

Beverages. In addition to the diuretic effect of the contained water, 
many beverages directly stimulate the renal secretion. Thus the 
xanthin derivatives in tea, coffee, and cocoa exert a specific stimulating 
effect on the cells of the renal tubules (Schroeder), and an increased 
blood flow through the kidney (Loewi). Alcohol, under certain condi- 
tions, causes vasodilatation of the kidney and diuresis. Beer is especially 
effective in this respect. 

Control of urinary secretion. Embryologically and histologically, the 
kidney is not a typical secreting gland. It consists of a large number of 
units, tubules and glomeruli, and has a relatively large blood supply. 
The kidney presents within itself the same double capillary arrange- 
ment encountered in the portal system; the glomeruli corresponding to 
vessels of the alimentary tract and the second series around the tubules 
corresponding to the capillaries of the liver. 

The number of units, glomeruli and tubules, is large. In the dog, 
various investigators have placed the number at from 125,000 to 300,000 
depending on the size of the animal (Brodie and Peter); in the cat, 
16,000 (Miller and Carlton); in man, 2,000,000 (Schweizer-Seidl). 
The number is generally in excess of the actual needs, that is, the 
factor of safety is great as evidenced by the fact that one-third of the 
kidney tissue will suffice. 

The kidney derives its nerve supply from a, the semilunar ganglion; 
b, a small branch direct from the splanchnic; c, a small branch from the 
plexuses around the suprarenal body and aorta; and d, sometimes a 
direct branch from the vagus. The splanchnic nerves carry vasocon- 
strictor fibers. Stimulation results in the arrest of renal secretions 
(Bradford) and section, in increased flow (Claude Bernard). The vagus, 
through its action on the heart, exercises a marked influence on renal 
secretion. Its stimulation in the neck causes a marked decrease of 
urinary flow; but the presence of fibers directly affecting renal secretions 
has not been proved. The nerve control is exercised ordinarily through 
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the vasomotor center in the medulla. This may be stimulated directly 
by asphyxia or anemia of the medulla oblongata, resulting in decrease 
or arrest of urimary secretion from ischemia of the kidney, or reflexly 
through the sensory nerves such as the sciatic (Cohnheim and Roy), 
through cutaneous nerves as in exposure to cold, or through stimuli 
arising from within the kidney, ureter, or bladder. But it must be 
remembered that the kidney can function for months in the absence of 
all nerve supply, as has been shown by Carrel and Guthrie, and Quinby. 

Cerebral control is exercised also. The details as to the nature of 
the mechanism are still lacking. The results of puncture in the floor of 
the fourth ventricle, Claude Bernard’s piqtre (Bernard, Eckhard and 
Finkelnburg) are familiar. Brain tumors are often accompanied by 
urinary disturbances, especially those which involve the pituitary 
gland or its neighborhood. The work of Camus and Roussy indicates 
that independent of any injury to the pituitary gland, polyuria results 
from the puncture of the interpeduncular space, and that of Bailey and 
Bremer indicates that polyuria constantly follows a piqtre injuring the 
para-infundibular region of the hypothalamus. Polyuria associated 
with or following epilepsy, migraine, or other headaches, hysteria, and 
nervous strains suggests strongly the existence of higher centers of 
control. 

The endocrine system also unquestionably plays a part in the control 
of water balance. This is indicated by the striking effect of the subcu- 
taneous administration of the extract of the posterior lobe of the pitui- 
tary in controlling the urinary output, in normal individuals following 
excessive water ingestion and in patients with diabetes insipidus. Also 
polyuria results often following extirpation of the posterior lobe of the 
pituitary or section of the infundibulum. According to Cushing, the 
pituitary is involved in the control of urinary output through nerve 
tracts reaching the kidney after passing from the spinal cord to the 
superior cervical ganglion and posterior ganglionic fibers. Similarly, 
the thyroid gland is concerned in the metabolism of water as evidenced 
by changes wrought in a myxedematous patient. On the adminis- 
tration of thyroxin the patient quickly loses weight—largely water— 
and the dry indurated skin becomes soft and moist. 

Some physiologic factors influencing urinary secretion, such as blood 
flow, blood pressure, etc., will not be discussed. 

Physico-chemical factors. The paramount influence in urinary 
secretion is the chemical composition and physio-chemical state of the 
blood. Two factors are of great importance, changes in concentration 
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of the colloids of the plasma and permeability of the kidney for sub- 
stances appearing in the plasma. Decreased colloid content tends to 
increase urinary output, that is, to ‘‘dilution diuresis.”’ The dilution of 
colloids is most readily accomplished by the intravenous injection of 
salt solution or Ringer’s solution. Such a procedure usually results in 
calling into play mechanical features, as is evidenced by the increase in 
the volume of the kidney as recorded by the oncometer. But this does 
not invariably result (Starling, Cushny). Richards and Plant have 
shown that the saline diuresis may occur without increase in renal 
volume or in blood pressure. 

Magnus, who conducted classical experiments in salt diuresis, first 
concluded that it was due to hydremia, but later withdrew this conclu- 
sion and ascribed it to specific stimulation of renal cells. In a critical 
review of the experiments of Magnus, Cushny has reinterpreted his 


results and finds that decrease in colloid contents of plasma accompanies 
all instances of diuresis. 




















NORMAL DURING DIURESIS 
EXPERIMENT emRReR e: Ly 
—— Plasma-protein ——- Plasma-protein 
2 ce. per cent ce. | per cent 
1 1.2 7.33 115.0 3.84 
2 1.0 5.94 57.5 | 3.17 
3 1.5 4.43 62.5 | 2.86 








In some experiments when the colloids of the blood are decreased by 
less than one-half, the urine is increased a hundred fold. Cushny 
explains this on the basis that the rapid flow of urine through the tubules, 
that is, flooding, prevents reabsorption and consequently only a small 
proportion of the excess passing through the glomeruli is reabsorbed, 
the greater bulk of urine reaching the ureter before absorption. The 
work of Barcroft and Straub lends support to the idea that lessening the 
osmotic resistance in filtration is responsible for diuresis, in that the 
oxygen consumed during the period of diuresis does not exceed the nor- 
mal amount for the resting kidney. The volume of blood is not respon- 
sible, since replacement of colloid by salt solution results in marked 
diuresis. Knowlton has brought convincing proof, by injecting saline 
solution with and without colloids and finding that the diuresis is pro- 
portional to the free saline solution. Fischer has pointed out that 
availability of water is important in relation to its excretion and has 
emphasized the importance of considering the factors affecting the 
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hydration properties of the body tissues. ‘‘Free’’ water only is avail- 
able for excretion. Meyer and Gottlieb have found that by diminish- 
ing colloid content of the blood, urinary secretion can be obtained at 
as low a pressure as 13 mm. of mercury. 

Sodium chlorid diuresis. When sodium chlorid is taken by mouth in 
excess It may be excreted a, in increased concentration but without 
diuresis; b, in normal concentration with diuresis; or c, with decreased 
concentration and diuresis. What happens probably depends on the 
concentration, at the time, of sodium chlorid and the amount of water in 
the blood and tissues of the organism. The concentration of other sub- 
stances is also of importance. 

The response to salt intake is extremely important in certain types 
of nephritis in which the salt and water content of tissues is already 
disturbed. Additional salt under these conditions usually leads to 
dropsy and control of salt intake is important in the control of dropsy 
(Widal and Javal). The recent work of Haldane and Priestley is im- 
portant in that it shows that water taken by mouth in excess does not 
result in demonstrable dilution of the blood, whereas following the 
ingestion of the same quantity of Ringer’s solution dilution can be 
shown.” 

Water diuresis. Distilled water administered intravenously does not 
lead to immediate diuresis (Thompson). It quickly leaves the blood 
stream, owing to the higher osmotic pressure of the cells of the body, 
which causes it to be taken up by the tissues. Larger quantities lake 
the blood. Similarly, subcutaneous injection is not followed by diuresis 
for the same reason (Ginsburg and Cow). Polyuria usually appears 
within a few hours following the ingestion of water by mouth in excess 
of from 10 to 15 ec. for each kilogram (Hashimoto). 

As already indicated, the most important factor affecting the urinary 
output is the intake of water. When large quantities of water are 
ingested by mouth, profuse excretion of very dilute urine follows. As 
much may be passed in an hour as is ordinarily voided in 24 hours. 
How is this effected? No adequate explanation has been given. The 
inference is that water is absorbed; the absorption results in hydremia, 
which in turn results in diuresis. This appears rational at least, but 
Haldane and Priestley failed to demonstrate any change in the concen- 
tration of the hemoglobin of the blood following the ingestion of water 
up to 5.5 litres in 6 hours, which resulted in a urinary secretion as high 
as 1200 cc. in 1 hour, probably the greatest diuresis ever observed in man 


13 Ringer’s solution practically speaking is optimal fluid. 
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under normal conditions. They conclude that no demonstrable dilu- 
tion of the blood accompanied the marked diuresis occurring after the 
ingestion of huge quantities of water. Priestley, however, in other 
experiments, succeeded in demonstrating a very slight decrease in the 
electrical conductivity of the blood and believes that the slight diminu- 
tion in electrical conductivity indicates very slight decrease in salt con- 
centration of the blood and that the kidney is extraordinarily sensitive 
to changes in concentration of the blood. He likens the response of the 
kidney to slight dilution of the blood to the marked increase in ventila- 
tion of the lungs resulting from extremely small changes in the carbon 
dioxid content of the blood. This may be so; however, ii has not been 
proved as yet. Fischer explains diuresis as a result of an excess of 
free water being brought to the kidney. Cow, failing to find any 
adequate explanation for the differences in the diuresis from water, 
when it is given hypodermically and by mouth, has suggested that in 
the latter case an enzyme from the alimentary tract comes into play. 
Adolph believes that water held by the tissues is distinct from water 
freely absorbed from the alimentary tract. Whatever the mechanism 
may be, this polyuria can be prevented by the administration sub- 
cutaneously of a small amount of the extract of the posterior lobe of the 
hypophysis. 

In diuresis from water ingestion the percentage of urinary solids is 
largely reduced but the absolute quantities over short periods of time 
and usually the total excretion tend to increase. The various solids 
however, do not increase in the same proportion (MacCallum and 
Benson, Marshall, Carr). 

The secretion of urine more dilute than plasma is another matter 
difficult of explanation. This fact is constantly utilized to disprove 
Ludwig’s theory of urinary secretion and to support the idea of specific 
secretion of urine. It is difficult to conceive of a urine more dilute 
than glomerular filtrate (deproteinized plasma) resulting from a mecha- 
nism involving filtration of deproteinized plasma and subsequent 
reabsorption of Ringer’s solution by the tubules. Burian believes that 
the glomeruli secrete a very dilute solution after large amounts of water 
and Frey that the glomerular solution is unchanged but that the tubules 


secrete water in addition. Cushny, however, believes that the explana-: 


tion is not difficult. He states that water is absorbed, enters the blood 
as a dilute saline solution, and is rapidly carried to the kidneys ‘‘ where 
it is filtered off in a form slightly more dilute than the optimal fluid; 
that the subtraction of the latter in the tubules leaves water containing 
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urea and the other ‘no threshold’ substances and that such ‘threshold’ 
bodies as are above the threshold, potassium, uric acid and almost all of 
the chlorid, are reabsorbed in the fluid, but some escape.”’ He illustrates 
this by a hypothetical example, which, however, involves a 10 per cent 
dilution of plasma which he admits is far beyond the actual dilution 
ever encountered in the plasma. Thus it is seen that much concerning 
renal secretion still awaits solution. 

Explanations involving the physiology of ordinary diuresis from water 
must precede those dealing with abnormal or pathologic forms of 
diuresis. MacCallum has obtained, in man, a diuresis of 20 cc. a 
minute; Priestley, one at the rate of 1200 cc. an hour from water. 
Priestley intimates that this rate of elimination results in strain and con- 
sequently cannot be sustained. Yet Trousseau records a case of dia- 
betes insipidus in which the patient voided 43 litres of urine a day. 
Enormous quantities of urine, 15 to 25 litresa day, may be excreted for 
days, weeks, months or years by persons suffering from this disease 
without the manifestation of fatigue on the part of the kidney, and 
without evidence of renal insufficiency. In the primary type of this 
disease, pathologic conditions cannot be demonstrated. Attempts to 
demonstrate dilution of plasma by cryoscopy have yielded discordant 
results,'* as have also attempts to show increase in the volume of blood 
(Larson, Weir, and Rowntree). Consequently, we are forced to the 
conclusion that no adequate explanation has been given for diuresis 
following the drinking of water, for the polyuria of the diabetes insipidus, 
or for the antidiuretic effect of pituitary extract. 

Water in the feces. Under ordinary conditions the water of the feces 
rarely amounts to more than 200 cc. in health. Usually it is between 
60 and 150 ce. Ona vegetarian diet it may reach 300 cc. a day. Occa- 
sionally attacks of diarrhea develop, for a day or so, resulting in a 
doubling or trebling of this amount. But on the whole in health the 
amount is small and fairly constant. 

Water requirements of the body. For continuous health the water intake 
of the body must suffice to keep the water content at the level for maxi- 
mum efficiency, from the physiologic viewpoint, irrespective of the loss 
of water by the various channels of excretion. The important determi- 
nants have been presented. This necessitates an intake large enough to 


13 It is possible that pituitary extract changes the relative ease with which 
water passes from the blood stream to the tissues, on the one hand, or to the 
kidneys on the other, or that it affects the rate of its reabsorption in the tubules 
of the kidney. 
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replenish the store as losses occur. Additional water is required during 
childhood for the building up of tissues. Its importance in infancy 
can be seen from the following data from Reusing. 

On the breast, the intake the first day is 38 ec. and the urinary out- 
put 8.4 cc., while on the eighth day the intake is 338 cc. and the output 
208 cc. In artificial feeding, the water intake is usually larger, the 
amount the first day being 96 cc. and the urinary output 36 cc.; the 
intake on the eighth day is 530 cc. and the output 406 cc. 

There still remains for consideration the effects on the organism of 
water restriction or deprivation, of water withdrawal from the tissues, 
and of excessive water ingestion. 

HE EFFECTS OF WATER DEPRIVATION. As has been intimated, the 
body need of water is indicated by thirst. According to McGee, thirst 
may be divided into five stages: 

1. The mouth and throat become dry; a longing for liquid is easily 
assuaged by ingestion of fluids. 

2. The saliva and mucus in the mouth and throat become scant and 
sticky; the tongue clings to the teeth or to the roof of the mouth; there 
is a lump in the throat and endless swallowing; this stage is also greatly 
relieved by water. 

3. The eye lids stiffen over the eyeballs which set in a sightless stare. 

4. The distal end of the tongue hardens to a dull weight. 

5. Delirium develops with visual illusions of lakes and running 
streams. 

Dryness of the mouth is very striking. Reference has been made to 
King’s report on the degree of dryness of the mouth. Suffering was 
intense and those who survived did so by drinking their own urine or 
horses’ blood. 

Thirst is more difficult to endure than hunger. Viterbi, an Italian 
political prisoner, who died as a result of refraining from food and water 
for 18 days, suffered but little from hunger after the first day but ex- 
perienced terrible thirst until the end.“ 

The period that life can be tolerated without water varies tremen- 
dously, depending largely on environmental conditions and muscular 
activity. Thus in the desert, when evaporation is extreme, death 
occurs as a rule in from 36 to 72 hours. An instance is described in 
which a Mexican, lost in the desert, walked and crawled 150 miles 


144 According to Hertz, The Sensibility of the Alimentary Canal, London, 1911, 
there comes a time (case quoted) at which neither thirst nor hunger causes 
distress. 








S Shes 


Dn, Biot ee ae le 


mipeube tenes 


Si geite 





156 LEONARD G. ROWNTREE 


for a period of 7 days. He sustained life in part by drinking his own 
secretions. 

Animals have borne complete starvation from water and food as long 
as 28 days with recovery. One of Poletayeff’s dogs survived 22 days 
without water with 47 per cent loss of weight, and succumbed in a sub- 
sequent starvation only after a loss of 60 per cent body weight. At 
necropsy, fat was still found in the neck and in the abdominal wall and 
eavity. A rabbit survived 8 days’ complete starvation, and lost 32 
per cent body weight. After 7 days it was again starved, and died on 
the tenth day with 40 per cent loss of weight. Groll has shown that 
with complete starvation the hemoglobin may increase prior to death 
13 per cent in rabbits, 28 per cent in cats, and 18 per cent in dogs. 

Keith deprived dogs of water and food over periods of from 2 to 
4 weeks. Blood and plasma estimations on these animals showed a 
definite decrease in the amount of circulating blood. Associated with 
this diminished blood volume there was an increased viscosity of the 
whole blood. The viscosity of the plasma may or may not be in- 
creased. Partial restoration of blood volume followed the giving of 
water by mouth. With the addition of food to the water ration the 
volume of blood appeared to increase more steadily. With this partial 
restoration of the blood volume, there was a dilution of the previous 
concentrated blood which was evidenced by a lower viscosity and a 
decrease in the concentration of the chlorid and nitrogen in the plasma. 
Some interesting changes were also noted in the hemoglobin and red 
cell content of the blood during these striking volume changes. 

Withdrawal of water from the tissues. In 1899, Crandall described 
febrile attacks in infancy, occurring in inanition, which he showed to 
be due to thirst and which disappeared on the administration of water. 
Finkelstein, in 1908, described fever in children resulting from the ad- 
ministration of hypertonic lactose solution (12.5 per cent) and also from 
salt and glucose administration, conditions which have since been re- 
ferred to as salt or sugar fevers. Subsequent workers, Heim and John 
and Peteri, interpret salt fever as resulting from desiccation and de- 
creased evaporation of water due to the hydropigenous or edema pro- 
ducing action of salt in the blood. Peteri found that the height of the 
fever attained was in inverse ratio to the body weight. Woodyatt and 
his collaborators have succeeded in producing glucose fever in adult 
humans and in dogs through the intravenous administration of con- 
centrated solutions of glucose. In man, difficulty was encountered in 
eliciting the hyperthermia with single doses of glucose. But they 
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determined that it could be produced readily, provided a period of 
starvation preceded the glucose administration. 

Woodyatt, utilizing his method of constant rate of injection, has 
produced fever up to 125.6°F. with glucose and up to 111°F. with salt 
and lactose. He ascribes the hyperthermia to water deprivation, since 
he has prevented fever by administering water in experiments in which 
he gave 10 grams an hour for each kilogram for a period of 7 hours. 
By producing fever with crystalloids, he excluded combustion of sugar 





Before eplenchnetony (6 dogs) Alter eplascanetemy (4 dogs) 
Average ene-hel! heurly urise 
secretios. 


Beater and Pit.éxt.-----------— 


Fig. 2. Average half-hour rate of secretion of urine in dogs under normal 
conditions, after water, and after water and pituitary extract: (a) before sec- 


tion of the renal nerves (six dogs) and (b) after section of the renal nerves (four 
dogs). 


as the cause; by preventing convulsions with anesthesia, he excluded 
convulsions as the cause; and by producing fever in dogs rendered 
poikilothermic, he excluded action on the heat centers as the cause. 
Accepting Fischer’s conception of ‘‘bound” and ‘‘free’’ water, he holds 
that generally purely physico-chemical processes rob the tissues of free 
water and disturb the equilibrium between free and bound water. 
Similarly, he feels that febrile diseases such as typhoid fever and 
pneumonia may well be the result of free water deficit, due to the 
abnormal binding capacity of the colloids, and cites the familiar diuresis 
accompanying the crisis of pneumonia or edema as disturbed water 
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metabolism. He looks on fever, as Fischer does on edema, as due to 
physico-chemical changes in colloids resulting in abnormal water bind- 
ing. Barr and DuBois have pointed out that the relationship be- 
tween the percentage of calories lost through the vaporization of 
water and the total heat elimination is the same in patients with fever 
as in normal controls and in patients with various afebrile diseases. 

THE EFFECTS OF EXCESSIVE INGESTION: WATER INTOXICATION, 
Through thirst the intake of water is regulated to the body needs. 
As a rule, the amount exceeds the absolute need. Unless the intake is 
greatly in excess, it is readily excreted by the kidneys and in a less 
amount by the skin. 

In diabetes insipidus, the water balance is set at a level higher than 
normal. The level can be lowered immediately by the subcutaneous 
administration of the extract of the posterior lobe of the hypophysis 
(Von der Velden and Farini). Subsequent to the use of the 
extract the ingestion of water in the large amounts to which the patient 
has become accustomed results in marked toxicity. Larson, Weir and 
Rowntree observed patients who developed headaches, nausea, asthenia, 
incodrdination, marked sweating and, in one instance, mild subcutane- 
ous edema under these conditions. ‘These findings are in accord with 
those of Miller and Williams. Patients with chronic nephritis and 
hypertension, to whom they administered water up to 10 litres a day, 
developed headache, dizziness, restlessness, chills, fullness of the 
abdomen, vomiting, dyspnea and cramps in the legs, marked increase 
in weight, and increase in blood pressure. 

Water intoxication was produced in dogs by Larson, Weir and 
Rowntree through the administration of large amounts of water by the 
stomach tube subsequent to subcutaneous administration of extract of 
the posterior lobe of the pituitary gland sufficient to prevent the devel- 
opment of polyuria.” The ingestion of large quantities of water at 
hourly intervals, 50 cc. for each kilogram, subsequent to 3 ce. pituitary 
extract, resulted regularly in the development of the following train of 


16 The history of the development of our conceptions relative to the réle of 
pituitary extract and the function of the posterior lobe is of singular interest. 
Schafer and his co-workers called attention to the diuretic properties of the 
extract of the posterior lobe. The work was conducted on animals under the 
influence of anesthetics. Following this a chemical conception arose involving 
diabetes insipidus resulting from underfunction of the pituitary (posterior lobe). 
Subsequently Von der Velden and Farini independently discovered its anti- 
diuretic influence in diabetes insipidus. The extract temporarily removes all 
the cardinal symptoms of this disease. 
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symptoms: asthenia, restlessness, frequency of urination, diarrhea, 
nausea, retching, vomiting, tremor, salivation, muscle twitching, 
ataxia, convulsions tonic and clonic, frothing at the mouth, and stupor 
or coma. Death ensued when water administration was continued 
after the onset of the convulsions, whereas complete recovery resulted 






































TABLE 9 
Water intoxication 
TIME | WEIGHT | pense b= a REMARKS 
Dog E804 
kgm, ce. "C: 
8:45 a.m. 5.7 300 98.0 | (After water starvation for 2 days) 
9:15 a.m. 300 
9:45 a.m. 300 
10:15 a.m. 300 
10:45 a.m. 300 
11:15 a.m. 300 Salivation, vomiting 
11:45 a.m. 6.2 300 98 .0 
12:15 p.m. 300 Twitching, vomiting 
12:45 p.m. 300 Ataxic 
1:15 p.m. 300 
1:45 p.m. 6.4 300 98.0 | Convulsions lasting two minutes 
1:50 p.m. | Stomach emptied with tube; about 
| 200 cc. fluid obtained 
Rabbit 3 
9:30am. | 1.7 | 100 | 97.9 | Distilled water at body temperature 
10:15 a.m. | 100 
11:15 a.m. 100 
11:45 a.m. 100 
12:00 m. 2.1 Salivated; ataxic convulsions lasting 
two minutes 
12:15 p.m. 2.3 98 .0 
1:05 p.m. 2.1 Found dead 




















within 12 hours in a large proportion of the animals if no more water 
was given. Pituitary extract prevents the development of marked 
diuresis as indicated in the preceding chart. 

Rowntree has since succeeded in inducing water intoxication in 
various animals without the use of pituitary extract. In dogs, the 
administration by stomach tube of 50 cc. for each kilogram of body 
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weight at half-hourly intervals results regularly in nausea, vomiting, 
salivation, convulsions, stupor, and coma within 4 to 8 hours; death 
ensues if water administration is continued after the onset of convul- 
sions. Cats, rabbits, and guinea pigs are similarly affected by water 
(table 9). 

This intoxication results from ingestion of ordinary drinking water 
or distilled water, irrespective of temperature. Although the quanti- 
ties given are excessive, the amount absorbed is definitely limited.'® 
The intoxication is not accompanied by significant changes in body 
temperature, by edema, or by constant or marked increase in plasma 
volume. The blood pressure is somewhat increased and may reach as 
as high as 200 mm. of mercury during the actual convulsions. Intra- 
cerebral pressure in one experiment was found to be increased to an 
amount corresponding to that of 35 cc. of water, and this increase 
was not in amount proportional to or parallel to the increase of blood 
pressure. 

The convulsions are cerebral in origin and of extreme violence at times; 
they last from one to ten or fifteen minutes. They may be tonic but 
are usually clonic in character and they are apt to recur at intervals. 
In the interim, the animal presents a state of stupor or coma with marked 
muscular flaccidity, extreme asthenia, and abject helplessness. Hyper- 
tonic salt solution administered intravenously after the onset of early 
evidences of toxicity, prevents the onset of convulsions and coma. 
Necropsy reveals no gross changes. 


16-The organism possesses some mechanism whereby it protects itself from 
too great absorption of water. In numerous animals (dogs, cats, and rabbits), 
following the administration of large quantities of water by the stomach tube, 
only relatively small quantities of water were absorbed as indicated by the weight. 
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